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INTRODUCTION 

TOURING the last four or fiv^. decades the 
^ cations of Chemistry have experiences an extra- 
ordinary development, and there ij? scarcely an industry 
that has not benefited, directly or indirectly, from this 
expansion. Indeed, the Science trenches in greater^. 
*or less degree upon all departments of human activity. 
Practically every division of Natural Science has now 
been linked up with it in the common service of man- 
kind. So ceaseless and rapid is this Expansion ,that 
the recondite knowledge of one generation becomes a 
part of the technology of the next Thus the conceptions 
of chemical dynamics of one decade becorne translated ' 
into the current practice of its successor; the doctrines 
concerning chemical strucyire and constitution of orfe 
period form the basis of large-scale synthetical processe's 
of another; an obscure phenomenon like C^i^ysi^ is 
found to be capable of widespread application, in 
URUiufacturing operations of the most diverse character. 

This series of Monographs will afford illustrations of 
these and siniilar facts, and incidentally indicate their 
bearing on the trend of industrial chemistry in the near 
future. They wHl serve to show how fuj;idamental and 
essential is the relation of principle to practice. They 



ivill afiford^examples of the application df recent tknow- 
^eclge to modern fnanufactuilng procedure As regards 
their scope, it should be stated\he books are not intended 
to cover the whole ground of the tecfinology of the matters 
to which they relate. They are not concerned with the 
technical minuiier of manufacture excep^in so far as th^se 
may be necessary to elucidate some point of principle. In 
some cases, where the subjects touch the actual frontiers of 
progress, knowledge is so very recent and its application 
so very tentative that both are almost certain to ex- 
peri^ice profound modification sooner or later. Thil, 
oT cdurse, is inevitable. But even so such books have 
more than an ephemeral interest. They are valuable as 
indicating new and only partially occupied territory ; and 
as illustrating the vast potentiality of fruitful conceptions 
and the worth of general principles which have shown 
themselves capable of useful service. 
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PREFACE 


'This volume is to some extent based on a course of 
lectures on “ Colour and Constitution,” which the author deli- 
vered at the University of Leeds in the May Term of 1917. 
Its preparation did not seem superfluous, as there no 
monograph on the subject in the English languagrfl •A. 
section of Smiles’ Chemical Constitution and Physical Proper- 
ties^ part of Baly’s article on “Spectrum Analysis,” in the 
1912-13 edition of Thorpe’s Dictionary of Applied Chemistry ^ 
and some chapters of Cohen’s Organic Chemistry^ were the 
only summaries in our language, although the subject has 
received perhaps more attention in this country than in any 
other. In German there was Kayscr’s exhaustive treatise on 
Spectroscopy, of wliich the third volume gave an account 
of “ Absorption Spectroscopy” up to 1905 ; and Ley’s Bezie- 
hungen zwischen Farbe und Konstitution brought the account 
of the subject up to date in 1911. 

In the present volume no attempt has been made to de- 
scribe, or even refer to, every research bearing on the subject ; 
but the- author has tried to give a connected and simple 
account of the main lines on which research and discussion 
have taken place with regard to the relation between colour 
and chemical constitution, and the main theories which have 
been proposed as to the nature of the vibrations to which 
ordinary colour is due. 

The early theories as to the relation between colour and 
constitution, such as the quinonoid theory and Nietzki’s rule, 
have proved of great value for practical purposes, viz. in the 
production of dyestuffs and especially for the preparation of 
dyestuffs of any required shade ; but more recent researches 
have shown that these classical theories are i^y no means 
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adequate. ' Modified and new |ieories have been proposed 
which agree better with the known facjs. 

The quest for the ultimate cause of colour has revealed 
the gieat coAiplexity of the problem and has shoym the need 
for further work in this direction. Both its scfentific interest 
and its practical utility justify the most actSve prosecution of 
research in this field. 

The thanks of the author are due to the Council of the 
Chemical Society, and to the writers of various papers in 
the Society’s Transactions and elsewhere for permission to 
reproduce diagrams of absorption spectra, etc. 

lliE University, 

Leeds, 

2W1 February^ 1918. 
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COLOUR. IN RELATION 
TO CHEMICAL CONSTITUTION 

CHAPTER I 

EARLY HISTORY OF THE SUBJECT 

The discovery of organic dye-stuffs may be said to have 
begun in 1856 by Sir VV. 11 . Perkin’s production of mauve. 
Before tliis time some natural dyes were known, together 
with a few artificial ones, e,g. picric acid and rosolic acid. 
But little was known as to their constitution. The dis- 
covery of mauve was rapidly followed by the production of 
a large number of new dyes and the investigation of their 
chemical constitution. It was only when some progress 
had been made in this direction that it became possible to 
study the relation between the colour and constitution of 
organic substances. The first recorded observation on the 
was made by Graebc and Liebermann in 1868 
{Ber. /, 106). These chemists pointed out that all the 
known coloured organic substances became colourless on 
the addition of hydrogen and arrived at the conclusion that 
their colour was due to some kind of close internal linking 
connected with oxygen and nitrogen atoms (double bonds 
between nitrogen atoms or between nitrogen and carbon, 
^trogen and oxygen, or oxygen and carbon atoms) as, for 
example, in quinone and quinone derivatives, azobcnzenc, 
rosolic acid, and rosaniline. 

Tjit next recorded observation on the subjejt was made 
by 0 . N. Witt in 1876 {Ber. p, 522) who brought forward his 
theory of chromophores and auxochromes. The nomenclatun 

B 
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of this theory is still largely used anc||the theory iiseii aiso 
still recognised as a valuable if somewhat superfi^al relation 
between colour and constitution. Witt points out that 
two things are required to give an organic substance colour 
and dyeing properties. The molecule mu|t possess a certain 
grouping of atoms to give it the potentiality for colour, and it 
must also possess a salt-forming sadicle to bring out the 
colour and dyeing properties. The atomic groupings giving 
the potentiality of colour he termed chromophores^ and mole- 
cules containing them were called chromogens. He specified the 
follewiiyj^chromophores and gave illustrations of chromogens 
containing them 

Chromophores 
NO2 

-N-N- 
- CO - 




Chromogens 

(Vls-N-N-CeHj 

/(:0\ 

Cell/ >CeHe 
CO^ 

Celled 

f«H/ >0 

\C0 ~ CeH/ 


It will be noticed that some of the chromogens are colour- 
less, e.g. nitrobenzene and phenolphthalein, whilst others have 
a feeble colour, e.g. azobenzene and anthraquinone ; but none 
of the chromogens has any dyeing property. The colour is 
developed or strengthened by the introduction of salflCffluflJ* 
radicles into the chromogens. These radicles he therefore 
termed auxochromes. Hydroxyl, amino- and substituted amino- 
groups, e.g. NHCIIj, N(CHj) 2, etc., are the principal auxo- 
chromes. Not all salt-forming groups can act as auxochromes, 
e.g. sul phonic and carboxyl groups are without this function. 
The following table shows how the chromogens already 
mentioned are converted into dyes by the introduction of 
auxochromes— 

eff^omogtn 
C,H|NOa 


Dye 

CeH4(N02)0H Nitrophenol. 
CeH4(N02)NH2 Nitraniline. 



CHEAilCAL tONSTITUTION 


Chromogen 


CO. C«H4 

c.h/ Ni 


•“*\ / 
CO-QH, 


0 


Dye 

Cellj-N-N-QH^OH 

Benzene-azo-phenol. 

Aniline yellow. 
CO.C4H3.OH 

CflH4<^ ^O Fluorescein. 

CO . CflHg .Oil 


At the present time it may still be said that all dye-stuffs 
contain auxochromes, and if the list of chromogens is some- 
what extended it may also be said that thcy^alT Cijntain 
chromophorcs. But even in Witt’s original communication 
there was some confusion between two distinct properties, viz. 
colour and dyeing properties; and whilst auxochiomes were 
absolutely necessary for the development of dyeing properties, 
that was not the case with regard to colour, as some of the 
chromogens were themselves slightly coloured. We now 
know organic substances, e g. nitrosobenzene, tertiary nitroso- 
butane and fulvene, which are intensely coloured, yet contain 
no auxochromes. 

In a very unpretentious communication in 1888 {Proc, 
Ckem. Soc., 1888, pp. 27 33), H. 1{. Armstrong formulated the 
best-known theory which has ever been put forward as to the 
relation between the colour and constitution of organic com- 
pounds, viz. the qumonoid theory. He did not claim any 
particular novelty for his observations, but pointed out that 
the chemical formula: of the well-known dye-stuffs either con- 
tained the qninonoid grouping or could be slightly modified or 
rearranged, in accordance with accepted ideas on tautomcrism, 
so as to contain this grouping. The quinotioid grouping may 
be defined as a benzene nucleus to which other atoms or 
groups are attached by double bonds in the para- or ortho- 
positions. 





[It should be noted that in the true quinonoid arrangement 
the two external bonds from each of the para- or ^r///(?-carbon 
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atoms must be attached to a single itom forming |a typical 
double bond. The term hemiquinoid arrangemet^ has been 
given for the grouping in which the two bonds fron^nc of these 
nuclear carbon atoms arc attached to different atoms, thus — 



But it has never been suggested, except in a very tentative 
fashion, that the hemiquinonoid arrangement is sufficient to 
produce colour development.] 

^rffStrong and other chemists at that time were probably 
much impressed by tlje recently discovered fact that benzene- 
azo-/?-naphthol was identical with the phenyl-hydrazone of 
/S-naphthoquinone, so that there was as much justification 


for the formula 





as for the more 


usual one based on the formation of the substance from 
^-naphthol and a benzene-diazonium salt, viz. — 

HO^ 

o 

And if it were allowable to assume tautomerism to a quino- 
noid form in this case it might be allowable in other cases, 
e,g, in the case of fluorescein — 




cheA^cal constitution 

whilst iA the case of ^rosaniline it was quite consistent with 
experimc,\tal facts to suppose that on the conversion of the 
base into salts there was elimination of a molecule of water 
and formation of^a substance with a quinonoid structure — 


HO.C^CeH* NHj 


^CjH 4 = NH HCl 
CfCeH4.NH, 


In many cases the ordinary formula already contained the 
quinonoid structure, as e.g. in the anthraquinone group* 


O 


C OH 

/\/\/\ 0 H 

Ux/U 


C 

o 


Simultaneously with the publication of these views as to the 
cause of colour Nietzki formulated a rule ( VerJiandL des Vereins 
zum Befordentng des Geivcrbcfleisses, 1879, 231) on the 

relation between constitution and depth of colour. [It should 
be carefully noted that the term depth is used by colour 
ch^nrjiists in a very definite and limited way. In ordinary 
language the term depth of colour has at least two meanings. 
Blue and red are said to be deeper colours than yellow, and 
also one yellow is said to be deeper than another yellow if it is 
stronger or more intense, i, e. less admixed with white. Colour 
chemists restrict the use of the term and employ it for the first 
purpose only. Blue is deeper than red or yellow and red 
is deeper than yellow. The ordinary colours arranged accord- 
ing to depth are : green, blue, violet, red, orange, yellow, 
the complements to the ordinary colours of the spectrum 
takeji in order from the red to the violet end.] • It had been 
noticed that by methylating, ethylating, or phenylating rosani- 
line the colour was deepened ; that the depth of colour attained 
was more or less proportional to the number of alkyl or aryl 
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groups intioduced ; and that ethyl groups were more (bffective 
in this respect than methyl, and phenyl more efTec tive than 
either. Nietzki formulated the general rule that the colour of 
a dye-stuff can be deepened by adding groups so as to ihcrease 
its molecular weight and that the deepening of colour 
produced is more or less proportional to the increase of 
molecular weight. The following table shows that the rule 
holds in the triphenylinethane series and in other groups to 
a certain extent— 


Name 

Molec ular furmvrla 

c 

^ Shade of dyeing 



28rs Magenta 

Panirosanilinc 

c; v,\i,s\\, 

-(’, 11 , -- Nil, Cl 


Methyl Violet 
R 

A:,n,NiicH, 
c; (:„n,Niicii, 

323*5 : Reddish violet 

'^(:„ii, -NiiciijCi 


Methyl Violet 

/(;,n,.N(cnA 

C’.CVb.NK'lbb 

365*5 Violet 

^'C,ll4. :NiClI,),Cl 


Hosaoilinc 

Blue 

/(’, 11 ,M 1 CJI, 

(\: c,!!,. Mi(;„ii, 

^C.llj NIK,il...Cl 

509*5 Blue 


/(’,II,.N(CII,), 

599 Green 

Iodine Green 

c, ('ji;N(cii..u i-(:ii,i 


"C,ll, NiCllAI 

■ 

Benzene -n/.o- 

C,ll,- N :N - C,lli()ll 

j 19.S Vcllow 

pl’.enol 

Ben/.cno-i\/o- 

(:,II, - N N (’„ll,()Il(/ 3 ) 

248 Red 

naphthi)! 

1 Riehrich Scar- 

S();,ll.(’,ll,-N N -C,Il3(S(XII) 

i 512 Red 

let 

% 

1 

1 

N a p h t h 0 1 

(S( >3! 1 ),C,, 1 1 ., •— X N CioIIg - 

772 ! Black 

Black 

OH 



N N-C,oH,: 



nSOsIl). 

i i 

Aliznrin 

c.ll/ >QIIjiOII), 

\C( ) 

1 ■ " 1 

1 240 i Red (on alum) 

j 1 

Alizarin Bor- 
deaux 

/XK 

^c,ii,((ni), 

i V( 3 ^ 

i 

' 272 ' Bordeaux (on 

i ; alum) 

Alizarin Cy- 
anine 

I 

|(on)x,H,< HVKOin, 

1 288 i Violet (on alum) 
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Name 

-V- 

Fluorescein . 

Molecular formula 

Mol. 

wt. 

Shade of dyeing 


332 

Yellow 


t^o 



Eosin . 

br .. br 

no 

648 

Red 

Gallein 

>0 

CO i 

no ^ on 

1 110 ;" ^/ 

‘^V folel to blue 

1 (according to 
i mordant.) 


c.n/ '.0 i 




■ \'o 



Indigotin 

Ciba blue bb 
( refrabrom- 
indigolin) 


262 

57« 

Indigo blue 
Greenish blue 


But it should be at oiicc mentioned tint there are many 
exceptions to Nietzki’s rule. The example of eosin and 
gallefn shows that the chemical nature of the added groups 
may be more important than their mere weight, so far as their 
effect on the colour is concerned. In this case two hydroxyl 
groups deepen the colour much more than four bromine atoms, 
although their weight is vcrymucli less. The effect produced 
depends also very much on the positions of the added groups. 
This subject is further discussed in ( hapter V. 

In the last paragraph we have drawn attention to the great 
effect on the depth of colour produced by adding additional 
hydroxyl groups to fluorescein. To a certain extent this may 
be regarded as only a special case of Nietzki’s rule. But it has 
long been recognised that additional auxochromes are especi- 
ally effective in producing a deepening of colour, and this rule 
waif applied in 1888 in the production of new dyes of the 
anthraquinone series. The rule is illustrated by examples in 
the following table. 
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Nam . 

Molecular formula. 

« 

Shade of dyeing. 

Alizarin . 

/CO\ 

Rea (on alum) 

Alizarin Bor- 
deaux 

yCO\ 

(OHlAHaC >QII,(OII). 

Bordeaux (on 
alum) 

Alizarin Cyanine 

^CQ/ 

Violet (on alum) 

* ^ 



Fluorescein 

1 

O 

\ 

o 

Yellow 


\Ar/\/ 

Qh/ a 

Xo' 


Gallein 

no on 

IK.)/ Y 

C,u/ ^0 

CO/ 

Violet to blue 
(according to 
mordant) 

Aniline yellow . 

C^ll* - N - N-CVI^NII, 

Yellow 

Chrysoidine 

C„H4-N-N-CVI,(Niy, 

Orange 

Azoorseilline . 

C«Il4 ~ N - N ~ Cionr.(S(),H)On 

C,ll4-N N - CiolMSOjlOOH 

Brownish red 

Congo Violet . 

ditto (isomeric) 

Violet 

Congo Red 

CJ^-N - N - CjoIUSOalONII, 
ciii* - N - N - c,oii.,(So,n)Nir, 

Red 

Naphthocyaninc 

C,H4 - N = N - CioH4(S03lI)(OH), 

Blue 


j i 

c,H 4 - n - n - (:,oii 4 (so,H)(on), 

Diamine Black, 

B . ' 

C,H4-N - N -C,oH 4 {S 03 lI)(OII)NH, 

C,H4 - N - N ^ CjpH4(S0,n)(0H)NH, 

Black 

Diamine Blue, 
BB 

ditto (isomeric) 

Blue 
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Name ' 

Molecular formula 

Shade of dyeiog 

BrasileKn . 

/ \ 

\ ./ 

on II 
o 

Red 

Haematei'n 

II 

/ \ i 

II 

on 0 1 

Blue 

1 


Although these early theories of Witt and Armstrong 
have been shown to be no longer tenable, and Nietzki’ rule and 
the rule that colour can be deepened by the multiplication of 
auxochromes are now known to be true only to a limited 
extent, and to have many exceptions, nevertheless it may be 
asserted that it is these theories and rules which have served 
as guides in the production of many of our most important 
dye-stuffs, and that they are still the working rules by which 
the colour chemist is chiefly guided in his search for new 
colouring matters. For practical purposes it is still felt that 
the presence of both a chromophore and an auxochrome is 
generally necessary to give a substance dyeing properties, and 
the presence of the quinonoid structure in the molecular 
formula of a substance would probably still be regarded as 
one of the best indications that it was likely to be interesting 
from the point of view of the colour chemist. Nietzki’s rule 
proved a useful guide in the production of complex azo-dyes, 
and, as already mentioned, the rule that multiplication of 
auxochromes causes a deepening of colour was applied with 
very*fruitful results ia the case of the hydroxyaffthraquinone 
dyes and also in the azo- and phthalcin groups. 



CHAPTER II 


THE QUINONOID THEORY 

Discussion of the Quinonoid Theory — Modifications of the 
Quinonoid Theory. 

Fet; have led to so much experimental work as 

iht quinonoid theory of the cause of colour of organic com- 
pounds. This work has shown that the theory is untenable. 
On the one hand substances have been prepared which have 
a quinonoid structure but arc colourless, and on the other 
hand coloured substances are known to which a quinonoid 
structure cannot be assigned. 

Colourless Substances possessing a Quinonoid Structure 
Iminoquinone (I) and di-iminoquinone (II) were perhaps 


O NH 



NH NH 


(I) ( 11 ) 

the first substances to be prepared which possessed a 
quinonoid structure but were nevertheless colourless. The 
latter was prepared by Willstatter, Mayer, and Pfannenstiel 
\Ber. 1904, jy, 1494) by the reduction of quinonedichlordi- 
imine with hydrochloric acid in ethereal solution. Later, the 
mono- as well as the di-imino-compounds were obtained by 
oxidising /-aminophenol and /-phenylene diamine by shak- 
ing the ethereal solution with dry precipitated silver oxide 
and anhydrous sodium sulphate [loc. cit. 4605). By the 
same method of oxidation in an inert solvent with silver oxide 
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or lead peroxide Willstattcr and his collaborators obtained 
quinone-dimethylimine (III) from /-dimethyl-phenylcne- 
diamine, and diphenoquinone (IV) from /-dihydroxy- 
diphenyl, 

NCH3 

6 -0-0- 

II 

NCHg 

(III) (IV) 

The former is colourless in the crystailiittf iofm, though its 
solution is yellow ; the latter crystallises in two modifications : 
one consisting of colourless needles whilst the other resembles 
chromic acid in appearance [Ber. 1905, ^1?, 1232, 2244, 2348). 
Fuchsonimine (V) is colourless (Baeyer, Zeit angew. chem. 
1906, 1287 ; Ann, Rep. Chem, Soc, 1906, 145)— 

/QH. 

NH = C3H4 = C< 

(V) 

and so also are the dimethyl ether (VI), the diacyl derivatives 
(VII) and the anhydride (VIII) of phenanthraquinone 
dioxime (J. Schmidt and J. Soil, Jour, Chem. Soc. Abs. 1907, 
i, 630, 1054)— 



MeON NOMe AcON NOAc N N 

\/ 

O 

(VI) (VII) (VIII) 

Coloured Substances to which a Quinonoid Structure cannot 
be assigned 

Nitroquinol dimethyl ether (I) is a substance^bout which 
there has been a good deal of discussion. It is obviously 
more difficult to prove that a substance is coloured than it is 
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to prove that one Is colourless, as it can always be 'advanced 
in the way of argument that the apparent colour is due to 
traces of impurity. It is, however, said to have been shown 
that nitroquinol dimethyl ether is y^Iow when pure 
(H. Kauffmann, Jour, Chem. Soc, Abs, 1907, i, 127), and its 
molecular formula (I) does not contain the quinonoid structure. 
By the exercise of some ingenuity the formula may be 
rearranged so that it does contain this structure (II), but there 
seems no ground for assigning such a formula — 



The sulphate of /-trichlortriphenyl carbinol (III) is 
highly coloured. {Ber., 1905, j<?, 569, 1156.) It has been 
argued that a quinonoid structure (IV) or (V) can be assigned 
to this substance. But a substance with such a formula 
would be somewhat of the nature of an oxonium salt and 
would be expected to lose chlorine easily, whereas ^-tri- 
chlortriphenyl carbinol sulphate docs not react with silver 
nitrate solution [loc. cit.). The corresponding chloride does 
react in benzene solution with silver sulphate and more than 
one atom of chlorine is removed (Gomberg, Jour, Chem, Soc, 
Abs, 1907, i, 504), but an odour of quinone is obsen>'ed at the 
same time (Baeyer, ibtd. 691), which indicates that complete 
destruction of the molecule gradually takes place under these 
conditions. 


Cl.CeH^x 

Cl.CflH^-^-O-SOaH 

Cl.CeH/ 

(III) 


C1.C.H /^Cl 

Cl.CeH/ V-Ao.SO.H 

(IV) 
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The j|K)int was further tested by a comparison of the 
ferrichlorides of tri-^-chlortri phenyl methyl bromide and tri- 
/-bromtriphenyl methyl chloride. By the action of water the 
organic part of the former loses only bromine and the latter 
only chlorine, whftreas according to any quinonoid formula 
(VI) and (VII) both substances should behave in the same 
way. 

Cl . /^/? 

/Xflr Br.CjH/*"" 

(VI) (VII) 

It may, moreover, be pointed out tjiaUfi'fmuU-iV, VI 
and VII are only hemiquinonoid and not quinonoid in the 
strict sense of the term. 

The fulvenes, e.g, dimethyl fulvenc (VIII), have a yellow 
colour, but cannot be assigned a quinonoid structure as some 
of them, e.g. dimethyl fulvene, do not even contain a benzene 
nucleus. 

C(CH3), 

II 



(VIII) 


Some fatty compounds, ^.^.diacctyl (IX), tertiary nitroso- 
compounds such as tert. nitrosobutane (X) and dinitro- 


CH, - C - C - CHj 

II II 


O O 
(IX) 


- N - 0 

ch/ 

(X) 


paraffins are coloured. Obviously their formulae cannot 
contain the quinonoid structure as they do not contain the 
benzene nucleus. 


Modifications of the Quinonoid Theory 
Baeyet^s Theory 

It has already been mentioned that fuchsonimine is 
colourless. The introduction of a /ara-amino-group into 
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one of the phenyl groups (I) causes the develcvment of 
colour. 




V - 

— V y 




/ 


NH 


(I) 


This and similar facts led A. v. Baeyer to suggest that the 
cause of colour is an oscillation of the quinonoid condition 
between two or more benzene nuclei {Jotir. Chem. Soc. Abs, 
^907, ii 504). If we call the three benzene nuclei in the 
above compound A, B, and C, it will be seen that the 
oscillaflTJn of a hy^iriQgcn atom will allow A and B alternately 
to become quinonoid. 


NH, 


-/T\ 

yn\/ 

\“/ 




Baeyer suggested that thi.s oscillation was the cause of the 
colour. A study of the quinhydrones led Willstatter to 
propose the same theory. 1908, 1458, 3245.) He 

suggested that the colour of the quinhydrones is due to an 
oscillation by which the two benzene nuclei become in turn 
quinonoid. This may be represented graphically in either 
of the following ways. 


Ov:;” / H H— 0""" • ^ " O 



H — 0 O O 0 — H 




CHEMICAL CONSTITUTION 


15 


It pointed out, however, that we can have colour 
development in the triphenylmethane series when such an 
oscillation is not possible — as in the case of /-tetramethyl- 
diaminofuchsone. (Schlenk, Ann, 1909, 271, 277, 295.) 


(CH3),n/ 

There are also known coloured quinhydrones in which 
such an oscillation is not possible, ^.,igi^trachlor-/-benzo- 
quinone forms strongly coloured quinhydrones with quinol 
dimethyl ether and with tetramcthyl-/>-phenylenediamine 
(Schlenk, loc. cit) and there are other coloured substances in 
which such an oscillation is not possible, eg, in the salts and 
esters of the trimethylether of tetrachlorgallem, (Orndorff 
and Delbridge, Amer. ChenuJ, 1909, 42 ^ 183.) 


C^H^—COOEt 

In factjBaeycr and Willstiittercan scarcely have meant to 
suggest that such an oscillation was the only cause of colour, 
as there are many coloured substances known which contain 
only one benzene nucleus, e.g. benzoquinone itself. Perhaps 
they meant to suggest that such an oscillation is necessary 
for the development of strong colour. All the arguments 
against the original quinonoid theory necessarily apply with 
still greater force against this modified quinonoid theory. 

11 II II . 

H. V, Liebigs Theory that — A — A — A — is the Essential 
Organic Chromophore 

The fact that the fulvenes are coloured, althougn they do 
not contain the quinonoid structure, led H. v. Liebig to suggest 


^ MeO ^ OMe 

^\/\/ 


Cl' 


k 


Cl V Cl 


Cl 
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that the essential cause of colour is the arrangemeytf of link- 
ages which is possessed both by quinonoid compounds and 

It ii ii 

the fulvenes, viz. — A — A — A — {Ann. 1908, jdo, 128). He 
added that this grouping is not, however, sufficient in itself to 
bring about colour. Some further condition, most frequently 
the closing of a ring, is necessary. The theory explains the 
colour of nitroquinol dimethyl ether which contains the pos- 
tulated arrangement of linkages together with the ring — 


OMe 

''0 

c 


i 


Me 


By the same argument nitrobenzene should be coloured 
— but it is not. The colour of solutions of diacetyl is supposed 
to be due to polymerised molecules. The theory will not 
explain the colour of //A'/.-nitrosobutane. Bamberger (Ber.j 6 f 
685) has studied the molecular weight of this substance 
in solutions. The blue solutions are unimolecular, whilst 
bimolecular solutions are colourless. Most of the arguments 
advanced against the quinonoid theory apply to this theory 
also. 


Kauffmanris Auxochrome Theory 

Whilst admitting that certain fatty compounds, €,g. the 
tertiary nitroso-com pounds, may exhibit- colour without 
containing the arrangement postulated by H. v. Liebig, 
H. Kauffmann has advanced reasons for believing that 
this arrangement is the essential cause of colour in ring 
compounds. {Ueber den Zusaminenhang Zwischen Farbe 
und Konstitutiont Ahren's Vortrdge, 1904, pp. 45-50.) H. v. 
Liebig’s theory has been criticised on the ground that some 
^ II II 5 • 

substances containing the arrangement — A — A — A — are 

colourless, eg. diphenyl, naphthalene, and nitrobenzene. 
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H 



6 O 

/\|/\ 


Kauffmann’s study of the behaviour of substances under 
the influence of the Tesla rays has led him to the con- 
clusion that the substances above mentioned do not contain 
the arrangement of bonds as shown in the above formulae, 
but that the introduction of certain groups — as, for example, 
azo-groups into benzidenc and naphthalene or hydroxyl 
groups into nitrobenzene — rearranges the bonds in these 
molecules, so that they take up the positions here shown, 
whereupon colour is developed. 

Kauffmann examined the behaviour of a large number of 
substances in the form of vapour under reduced pressure when 
subjected to the influence of Tesla rays [Bcr, ipex), jj, 1725; 
1901, 682; 1902, jj, 3668). He found they could be 

arranged in a series according to the extent to which they 
became luminous under the influence of these rays, and that 
those which became strongly luminous retained the property 
to some extent when the pressure was increased, or even 
when they were examined in the liquid or solid condition. 
The introduction of auxochromes into the benzene nucleus 
increased the luminescence, whilst carboxyl, nitro-, and azo- 
groups had the contrary effect. Thus benzene itself occupied a 
position midway between its various derivatives. Naphtha- 
lene responded to the Tesla rays more vigorously than benzene. 
Kauffmann also noticed that this property ran parallel with 
certain other physical and chemical properties. Those sub- 
stance% which became strongly luminous showeci**|R>sitive 
anomaly of magnetic rotation ; those which did not respond 
at all to the Tesla rays showed negative anomaly, whilst 
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the intermediate substances had a normal vaUie fpt tbc/ 
molecular magnetic rotation. Again, tendency to oxidis^ to 
quinoYd compounds is proportional to the strength of* 
luminescence. 'Kaufifmann came to the conclusion that the 
benzena nucleus is in different conditions in different com- 
pounds, that of the strongly luminous compounds being best 
represented by Dewar’s formula (I), that of the non-luminous 
substances by the Claus diagonal formula (III), whilst the 
Kekul6 formula (II) represented the condition of the inter- 
mediate compounds with moderate luminescence and normal 
magnetic rotation. 


7T\ 


\l/ 

(I) 




Now diphenyl and naphthalene both show considerable 
luminescence in the Tesla rays, so that at least one benzene 
nucleus in these compounds is in condition (I). Consequently 
the formulae do not contain the arrangement which v. Liebig 
considers necessary for the development of colour — 


\::/ \^/ 


/\/\ 

II II ] 

\/\/ 


Nitrobenzene lies at the other end of the scale, and con- 
seq;uently it also does not contain the arrangement postulated 
by V. Liebig. 


/ \ 
\_l7 


■N 




But if we add negative groups, such as NO 2 , azo-group, 
carboxyl group, kctonic group, etc., to substances in con- 
dition (I), their luminosity is diminished and they assume 
condition (II). Similarly auxochromes, added to substances 
in condition (III), cause them also to assume the midway 
condWv5n, so that, for example in nitronaphthal^e and 
nitrophenol, we have the v. Liebig arrangement and conse- 
quently colour development 
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NO, 

OH 

1 


,/k_N/° 

II 

\/\/ 





Kauffmann’s views on the cause of colour 'in ring com- 
pounds, as stated above, are generally referred to as his 
auxochrome theory, although they are essentially arguments 
in favour of H. v. Liebig's theory that the arrangement 

II II n . 

— A-'-'A— A — is the essential organic chromophore. 

In the opinion of the present writer Kauffmann’s views and 
arguments arc much weakened by the beh 3 ;'iour of methoxy- 
and ethoxy-groups. 

The alkylation of hydroxyl groups docs not lessen the 
luminescence in the Tesla rays. On the contrary the effect 
is somewhat increased. The magneto-optical anomaly is also 
not lessened by alkylation. 

Mngiu-iO'Optical 

Anouiiily. 


Resorcin .... 

. 0 ‘ 6 i 

Byrogallol 

. ri 6 

Pyrocatechin 

• 1-35 

Quinol dimethyl ether 

. 300 


But, as is well known, the alkylation of hydroxyl groups 
practically destroys their power as auxochromes — e.g. quer- 
cetin has a strong yellow colour, but its pentamethyl ether 
is colourless. It is true that in the presence of strong mineral 
acid methoxy- and ethoxy-groups have about the same auxo- 
chromic effect as the hydroxyl group ; but under ordinary 
circumstances they can scarcely be regarded as auxochromes 
at all, whilst, according to Kauffmann’s views, they should be 
just as good, or better, than hydroxyl groups. 

Another argument against Kauffmann’s view is the failure 
of hydroxyl groups to produce colour when introduced into 
benzoic acid. The carboxyl group is negative, and conse- 
quently dn benzoic acid the benzene nucleus i^'^h con- 
dition (III). The introduction of a hydroxyl group should 
throw it into condition (II), so that in hydroxybenzoic acid 
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we should have the arrangement which produce!) colour — 
according to H. v. Liebig’s theory. 


OH OH 


\o/ 


During the course of the above discussions it became evi- 
dent to most chemists that it was unsatisfactory and danger- 
ous to trust to eye observations alone in attempting to 6nd 
out the cause of colour. Visible colour is due to selective 
absorption in the visible part of the spectrum : in other words, 
to absorption bands in the visible part of the spectrum ; and 
it appeared more satisfactory to study the absorption bands 
themselves rather than one of the effects of their presence, 
viz. the physiological sensation of colour. We have already 
seen that there is some evidence for the theory that the 
colour of a substance can be deepened by weighting the 
molecule (Nietzki’s rule) — in other words light waves of less 
frequency are absorbed by the molecule when it is weighted. 
Let us suppose for a moment that a certain grouping or 
arrangement in the molecule is the cause of absorption 
bands, which lie in the ultra-violet for substances of small 
molecular weight containing this arrangement, but are shifted 
into the visible spectrum by weighting the molecule. In- 
vestigations depending on eye observations would never be 
able to discover the cause of the colour, because it would be 
argued that the coloured heavier derivatives contained the 
arrangement causing colour, but the lighter parent substances 
did not, and thus the investigator would be put on the wrong 
track. 

The point may be otherwise expressed by saying that* 
visible colour is due to (i) absorption bands, ( 2 ) the ftict that 
those absorption bands happen to be in the visible part of the 
spectrum; and any inquiry into the cause of visible dolour 
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must coritern itself with two points, viz. (i) the cause of the 
absorption bands, (2) the cause of those absorption bands 
being in the visible part of the spectrum. [From this point of 
view it is obvious that the arguments against the quinonoid 
theory are unsound which are based on the existence of 
colourless substances possessing a quinonoid structure.] A 
quotation on the subject from the Chemical Society’s Annual 
Report for 1907 (p. 1 1 2) may be permitted because of its great 
importance : “It is now generally recognised that a more 
precise meaning must be given to the idea of colour than has 
often been the case. The production of physiological colour, 
due to the occurrence of absorption in the visible spectrum, is 
more or less an accidental circumstance. Absorption bands 
may occur in the ultra-violet of equal importance with those in 
the visible spectrum. In some cases a change in the frequency 
of the absorbed rays may cause a band to move from the ultra- 
violet into the visible region without any change of form. 
A colourless substance may, therefore, be converted into a 
coloured one without any real change in constitution having 
taken place, the alteration in the molecule being only of such 
a nature as to cause a certain retardation of those oscillations 
within it which give rise to the absorption. A study of the 
colour of a substance thus involves the examination of its 
entire visible and ultra-violet spectrum (the absorption bands 
in the infra-red appear to have a different origin, and may be 
neglected for the purpose of the present discussion), and 
further, as Hartley and his successors have shown, of the 
change of absorption with the concentration of the absorbing 
substance, the results being expressed in the form of curves. 
The quantitative study of the absorbing power of a substance, 
expressed in this manner, makes an exact comparison of 
different derivatives possible, and relationships arc made 
evident which would escape notice if the examination were 
confined to visual observations of colour.” 



CHAPTER III 

ABSORPTION SPECTRA — METHODS OF EXAMINING AND 
RECORDING 

The absorption spectrum of a liquid or solution can 
obtained by passing white light through a layer of the liquid 
and then into the slit of a spectroscope. If the liquid is 
coloured probably one or more dark bands will be^seen across 
the visible part of the spectrum ; in some cases no definite 
bands are seen, but one end of the spectrum is darkened. If 
there is absorption in the ultra-violet a photograph of this part 
of the spectrum will show one or more dark bands or one end 
or the other may be cut off; Fig. i shows the' general character 
of absorption bands. It is a photograph of the ultrarvjolet 
part of the spectrum of light which has passed through an 
ethereal solution of cotarnine. In this case the light was ob- 
tained from a metallic arc. The spectrum of this light is not 
continuous, but consists of a large number of fine lines. The 
top line shows the complete spectrum of the arc. In parts of 
the spectrum these line lines are obliterated by the absorption 
bands of the cotarnine solution. This photograph brings out 
very clearly the great difference between absorption spectra 
and the spectra of metallic arcs and the light emitted from 
flames coloured by metallic salts or from gases under reduced 
pressure on the passage of an electric current. In the laitter 
cases the spectrum consists of very sharp narrow bands, or 
lines, of which the positions can be determined very easily 
and accurately. Absorption bands are generally much 

broader and fainter, and it is a much more difficult matt^ 
cr-* m 

to determine their positions exactly. 

The earlier observers did their best to determine the 
positions of the centres of these bands, and the absorption 

22 
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spectruJh of a substance was recorded as containing band) 
in these ^p gsitio ns, in Kayscr’s Handbuch der Spectra- 
scopie, Vor. TTOthe absorption spectrum of galletn in water 
is described as containing, according to Vogel {Practischi 
Spectralanalyse, Berlin, 1889), a band between D and F, accor- 
ding to Formdnek {Spectralanalytischer Nachweis^ Berlin, 
1 900), two bands at 541 and 497 respectively. Sometimes 
the observations were recorded graphically by lines drawn 


A a nc D Eh F G S 

Methylenedisalicjrlic 
acid + phenol 

Methylenedisalicylic 
acid + resorcin 

M ethylenediresorcylic 
acid 4- phenol 

Mcthylenedircsorcylic 
acid -f resorcin 

Mcthylcnediresorcylic 
acid -f resorcin 

Melhylenedigallic acid 
-{- resorcin 

Melhylenctligallic acid 
-f- resorcin 


Methylcncdiresorcin -j- 
resorcin (resaurin) 



Fig. 2 . 

(Reproduced from Caro’s paper, Bcr. S5, p. 9674.) 


across the spectrum at the positions of the centres of the 
bands (Fig. 2). 

It was soon recogni.sed, however, that this was not a 
sufficient description of an absorption spectrum, as it gave 
no idea of the breadth of the bands, whilst, as a matter of 
fact, their breadth was one of their most characteristic features. 
Consequently some observers described ab.sorption bands 
by flecording the positions of their edges insteaef of their 
centres. They were graphically represented by black bands 
of the requisite width across the spectrum (h'ig. 3). 
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• This was also seen to be insufficient, as it was foandth^ 
the breadth of the bands was different according as a* thinner 
or thicker layer of liquid or solution was e?amihed. €6p- 
sequently some observers recorded the positions of the edges 
of the bands for thick layers and also foi*thin layers, and 
represented this graphically (Fig. 4). 

It was also noticed that some bands had much sharper 
edges than others, and that one edge of a band might be 
much sharper than the other. Attempts were made to 
represent this graphically by shading the absorption bands 


OXYHAEMOGLOBIN. IIaEMOGI.OIHN (rcduCCd.) 



(From Allen’s Cotnmaxiat Otganic Analysis, Messrs. J. and A. Churchill.) 

making them darkest in the centre and lighter towards the 
edges. Formanek attempted to record graphically whether 
the two edges of the bands were equally sharp or which 
was the sharper. 

Some observers published photographs of the absorption 
spectra ; and in order to show in one photograph how the 
width of the bands varied with the thickness of the layer 
of liquid examined, the light was passed through the liquid 
contained in a wedge-shaped cell, so that the light passin^^into 
the top part of the slit of the spectroscope had passed through 
a thick layer of the liquid, whilst that passing into the bottom 
part of the slit had only traversed a thin layer. This made 
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wider at the top than at the bottom of the- 
4p6ctruiR%(Fig. S)- , 

Scale of Oscillation frequencies. 



Curve of AfoUcular Vibrations — 

Fig. 6,— Benzene. 

(Reproduced from Hartley's paper, Ckem. Soc. Trans^ 1885, 47 , p. 747.) 
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‘ In 1879 Hartley devised a method of representing by 
a single curve all the essential facts about the absorption 
spectrum V of a liquid or of a substance in solution in a 
particular solvent. The positions of the edges of the absorption 
bands were determined for layers of differdiit thicknesses, and 
plotted on a curve with wave-lengths or frequencies as 
abscissa and thickness of the layer as ordinate. The curve 
by which Hartley represented the absorption spectrum of 




lVavelenj;(h. 

Fig. 7, 

benzene is given in Fig. 6, and may be taken as a typical 
absorption curve. 

These curves show at once the positions of the centres of 
the absorption bands and also the positions of the edges 
for layers of any thickness. 

They also show at a glance whether the bands are 
symmetrical or not, and the minimum thickness of liquid 
necessary to show absorption. The point a (Fig. 7) is defined 
as the htad of a band, and the ordinate of this point indicates 
the persistence of the band. 

This method of recording the results of observations 
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in absorption spectra has been almost universally adopted,* 
with one slight modification introduced by Hartley himself. 
It was found that in many cases the details of the curves 
could not be proocrly shown unless they were drawn on 
an inconveniently Targe scale — c.g, in Fig. 8, which gives the 
absorption curves for some dyes of the tri phenyl methane 
series, most of the details of the curves arc crowded at the 
bottom of the figure. This is obviated if instead of the thick- 
ness of the layers we give the logarithm of the thickness as 
ordinate. This has the eflect of pulling out the curve in 
some places and contracting it in others ; and it is found 
in practice that the essential features of the absorption curves 
of most substances are more clearly .shown in this way than if 
the ordinate is directly proportional to the thickness of the 
layer. Fig. 36 shows the absorption curve of one of the 
triphcnylmethane dyes drawn in this modified way. 

In order to draw these curves it is neccs.sary to determine 
the positions of the edges of the absorption bands for layers of 
different thickness. Baly has devised a simple apparatus by 
which the thickness of the layer of liquid under examination 
can be quickly changed (Fig. 9). 

It consists of two tubes with optically worked plane ends, 
one tube being smaller than the other and sliding in it through 
a sleeve or collar of rubber-tubing. The common axis of the 
tubes is placed parallel to the beam of light which thus passes 
normally through the optically worked ends of the tubes and 
through the liquid between them. By sliding the narrower 
tube in or out the thickness of the layer of liquid between the 
two plane ends is made le.ss or greater. A reservoir connected 
with the outer tube supplies more liquid or receives the 
surplus as the inner tube is pulled out or pushed in. A scale 
engraved on the outer tube enables the observer to read at 
once the thickness of the layer of liquid under examination. 
Instead of examining very thin or very thick layers of solu- 
tion it is convenient to prepare several solutions of different 
concentrations, as the same effect can be obtained by a thin 
layer of a concentrated solution or a thicker layer of a more 
dilute one. According to Beer’s Law, which experiment has 



theoretical basis, the thickness of layers must Be 
proportional to the concentration for the soluti^a to 



fi^ht to the same extent Thus, a layer i cm^ thick of a 
normal solution will absorb as much light as a layer if cm. 
illijkk of a semi-normal solution, and so on» 

The positions of the edges of an absorption band for 
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^yen thickness of liquid may be determined by eye-observa- 
tion in the visible part of the spectrum or by photography 
either for the visible or the ultra-violet. In either case it is 
advisable to arrange to have the spectrum of the unabsorbed 
light thrown into Ac eye-piece or on to the screen directly 
above and contiguous to that of the light passed through the 
absorbing liquid. It is often convenient to use a metallic arc 
as a source of light. This gives a spectrum consisting of a 
large number of characteristic lines. In a photograph these 
lines become faint inside an absorption band, and the posi- 
tion of the first line to become perceptibly faint may be taken 
as that of the edge of the band. 

But the edges of many absorption bands arc very indefinite. 
The absorption is greatest in the centre of a band and 
becomes less and less as we proceed towards the edge. 
Theoretically the edge might be defined as the point where 
absorption entirely ceases, but in jiractice there will be a 
limit below which absorption cannot be detected. This 
makes the position of the edge somewhat indefinite. If it is 
being determined by eye-observation, a very sensitive eye will 
detect absorption sooner than a less sensitive one, and will 
record the band broader in conscqnrnce. The human eye 
varies in its sensitiveness, hence different observers will not 
always agree as to the position of the edge of a band, and the 
same observer will get different results from time to time. 
Again, a small difference cannot be so easily detected in a 
str6ng light as in light of more moderate intensity, so that 
somewhat different results will be obtained according to the 
intensity of the source of light, d'hese difficulties are not 
altogether overcome by relying on photogra[jhs. 1 he point 
at which the first sign of absorptit^n can be detected in a 
photograpli will depend on the intensity of the source of 
light, on the length of the exposure and on the extent to 
which development of the photograph is carried. 

These difficulties arc to a great extent overcome by the 
use <5f a spectrophotometer, and this instrument is coming 
more and more into use for the observation of absorption 
spectra. By the use of this instrument we obviate the difficult 
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task of deciding at what point absorption begins, and determine 
instead the points at which definite percentages (such as 5%, 
10%,. 1 5%, etc.) of the light are absorbed. This is achieved by 



dividing the light into two beamr, one of which passes through 
the absorbing medium and the other through some apparatus 
by which its intensity may be reduced by any desired fraction. 
Both beams eventually pass into the spectroscope and give 
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their spectra one above and contiguous to the other in the 
eye-piece or on the screen. It is then a fairly easy matter to 
determine the point at which the two spectra are of equal 
intensity. 

For eye-observalion in the visible part of the spectrum 
a very convenient apparatus is the Nutting Polarisation 
Photometer attachment, which is shown in use in Fig. lO. 

In this apparatus the beam of light which does not pass 



Fk; II. 

(kcpio'luccd from Hilger's «<; [Spectrophotomoterg], Fig. 3.) 


through the absorbing medium is reduced by any desired 
fraction by an arrangement of Nicol’s prisms. 

For photographic work in the ultra-violet the beam of 
light which docs not pass through the absorbing medium 
is best reduced by passing through a rotating sector, the 
aperture of which can be varied (Fig. 1 1). 

The observations with the spcctroj)hotometer enable us to 
draw a curve for each concentration of solution, the wave- 
length being taken as the abscissa and the percentage of 
light iibsorbed as the ordinate. Such a curve is shown in 
Fig. 12. 

These curves show' at a glance how the intensity of absorp- 
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tion falls off at the edges of the bands and whether the bands 
are symmetrical or not. 

It may be noted here that the spectrophotometer has a 
very grtfat advantage over the ordinary spectroscope in the 
examination of solids and dyed fabrics. < 3 y the older method 
we can only record the positions of the edges of the absorption 


1*2 
1-1 
1-0 
0-9 

I 

4 07 
I 0-6 

I 0-5 

I 0-4 
0-3 
0-2 
0*1 
0*0 

40 2468 50 2468 60 2468 
IVavt'Unsih, 

Fk;. 12. 

Alia-arin or i : 2-dihydroxyanthraquinone. 

Alizarin in alcohol, N/io* lo rnm. ihickness. 

„ in KOI I, N'/io*. lo mm. thickness, 400 mols. KOH. 

,, on tin mordanted wool, J per cent, dyeing. 

M on alum mordanted wool, i per cent, dyeing. 

,, on chrome mordanted wool, J per cent, dyeing. 

(Reproduced froni Meek and Watson's paper, Chtm. Soc. frans., 1916 , 109, p. 345 , Fig. 1 .) 



bands in the light reflected from a solid, but no curve can be 
drawn from these isolated observations. But by the use of 
the spectrophotometer we can construct “ wave-length — light 
absorbed” curves which can be directly compared with similar 
curves for solutions of the same substance or chemically 
related substances (Meek and Watson, Jour, Ghent, Soc, 
Trans. 1916, /op, 545-6). 
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It will be noticed that the curves obtained by the spectro- 
photometer are not the same as those obtained by the older 
method. In the former the ordinate is the percentage of 
light absorbed, in the latter it is the thickness of the layer 
examined. There is Jiowevcr, an intimate connection between 
the two. If we examine layers of different thicknesses (or, what 



Fig. 13. 

comes to the same thing, solutions of different concentrations 
in layers of the same thickness) by the spectrophotometer we 
can draw a family of curves as in Fig 13 , the individual 
curves corresponding to thicknesses, 

From this family of curves we can construct a curve of the 
wave-length — thickness type. As we have already remarked, 
the edge of a band as measured by the ordinary spectroscope 

D 



34 


COLOUR IN RELATION TO 


is the point at which absorption has attained some appreciable 
value, it may be $% or io% or 20%, or some other value 
depending on the sensitiveness of the observer's eye or instru- 
ment. .We can construct a wave-length — thickness curve 
for any desired percentage of absorption, ^ay for A%. Draw a 
horizontal line cutting the vertical axis at a, and the family of 
curves at etc., a\ a\ a\ a\ a\y etc. These points 



Fig. 14. 

give the wave-lengths for which absorption has the value a for 
thicknesses, A /j, etc., and from them we can construct 

a curve, Fig 14 {a). In the same way we can construct a 
family of curves corresponding to percentages of absorption, 
dy etc. These are the curves we ought to get by 
observation in the ordinary spectroscope with eyes capable of 
detecting percentages of absorption, a, Cy dy Cy etc. And if 
the sensitiveness of an observer's eye remained constant 
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throughout a set of observations the curve drawn from them 
would correspond to one member of this family of curves. In 
Fig 13 the diagrammatic family of curves are steeper on the 
left than on the right hand side, and the new family con- 
structed from them in Fig. 14 show the same peculiarity. 
Curves drawn from actual observation show that these 
characteristics are, as a matter of fact, handed on from the one 
family to the other (private communication from Prof. D. B. 



X = Wave-length. 

Y Intensity of light tran.snitled. 

Z = Log thickness. 

Meek). This justifies a remark previously made about the 
curves drawn from observation with the ordinary spectroscope, 
viz. that “ they show at a glance whether the bands are 
symmetrical or not.'’ 

Theory also indicates this intimate connection between 
the two types of curve. We may regard the two families 
of curves as sections of a surface giving the percentage of 
light absorbed for all values of wave-length and thickness 
of layer. It will be most convenient to construct the surface 
with three rectangular axes {x\y,z) representing wave-length 
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{x\ intensity of light transmitted {y) [light transmitted = 
original light mim^ light absorbed], and log thickness (^) — 
see Fig. 1*5. 

Sections parallel to the plane xOy will give the family 
of curves “wave-length — light transmitted” and sections 
parallel to the plane xOz will give the family of curves 
“ wave-length — log thickness.” 

Another family of curves is obtained by sections parallel 
to the plsLTit yOz, viz., “light transmitted — log thickness” 
curves, giving the relationship between the thickness of the 
layer traversed and the proportion of light absorbed or 
transmitted. But according to Lambert’s hypothesis — 



where 

/ = intensity of light transmitted 
Iq = intensity of original light 
d =5 thickness of layer traversed 
= a constant 

e = base of natural logorithms 

and this relationship is the same for light of all wave-lengths 
Oury =» 

'*0 

Our 5 log 
J oc 2 

and this family of curves is a set of parallel straight lines. 

It is now obvious that we only need one “wave-length — 
light transmitted ” curve and by the aid of Lambert’s hypo- 
thesis wc can construct the surface. It is in fact a cylinder 
of which the “wave-length — light transmitted” turves are 
oblique sections and the “wave-length — log thickness” 
curves another set of sections at right angles to them. 
This way of looking at the matter shows at once that the 
two families of curves will have the same characteristics, 
viz., if one set is symmetrical the other set will ajso be 
symmetrical ; if one set is steeper on the side of shorter 
wave-lengths than on the side of longer wave-lengths, the 
other set will show the same peculiarity ; or via versa. 
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As regards the experimental justification for Lambert’s 
hypothesis, Kayser {Handbuch dcr Spectroscopies vol. III. 
pp. 16-19), gives a list of investigations which have been 
carried out on this subject. Bunsen and Roscoe {Photo- 
metrische Untersuchungefty^ Abh. Pogg^Ann. loiy pp. 235--63, 
1857) passed light through chlorine gas and compared the 
intensity of the light before and after its passage through 
the gas. Bernard {Ann. chim. et phys, (3) jj, pp. 385-438, 
1852) measured the absorption of light by layers of glass, 
potassium chromate, and copper sulphate of different thick- 
nesses, using light which had been made to some extent 
homogeneous by passing through coloured glass. Beer 
{Pogg. Ann. 86s pp. 78-88, 1852) studied the absorption by 
solutions of copper sulphate and acetate and potassium 
ferrocyanide of light which had been filtered through red 
glass. Camichcl {Compt Rend, iijs pp. 307-9, 1893) found 
the law correct for layers of liquid bromine whose thick- 
ness was varied between 0*5 and 60A of sodium light. 
Bottomley {Mem. Manchester Lit. and Phil. Soc. (3), 7, 
pp. 176-186, 1882; Chem. NeivSy 42^ pp. 56-58) studied the 
absorption of light by layers of different thicknesses of 
a solution of nickel and cobalt salts which absorbed almost 
all kinds of light equally. Kayser summarises the results 
of these investigations by saying that they have found 
Lambert’s hypothesis correct to the order of accuracy 
attained. Moreover the hypothesis can be taken as correct 
without hesitation, since many colorimetric methods are 
based on it and have been found to give correct results. 
At the same time he regrets that the hypothesis has not 
been more rigorously tested for homogeneous light. 

Meek’s investigations of the absorption spectra of tri- 
phenylmethane dyes by the spectrophotometer seem to 
indicate that the hypothesis is correct within fairly wide 
limits, but that eventually the intensity of the transmitted 
light /alls off* more rapidly than it should in accordance 
with the hypothesis. (Private communication from Prof. 
Meek.) 



CHAPTER IV 

ABSORPTION SPECTRA OF TYPICAL ORGANIC SUBSTANCES 
AND DYE-STUFFS 

Before proceeding to the discussion of further theories 
as to the relation between colour and constitution it will be 
convenient to mention the data which are now available as 
to the absorption spectra of dyes and coloured organic 
compounds and related substances ; also to give a few typical 
examples. It may be mentioned that several theories have 
been put forward to the effect that the absorption spectra of 
dyes* arc those of the parent substances modified by the 
introduction of chromophores or auxochromes, or both, so 
that some of the absorption bands are brought forward into 
the .visible part of the spectrum ; and in this connection it is 
interesting to examine the absorption spectra of such sub- 
stances as benzene, naphthalene, phenol, the di- and tri- 
hydroxybenzenes, aniline, nitrobenzene, azobenzene, anthra- 
quinone, etc. Attempts have also been made to elucidate the 
cause of colour by studying some of the simplest substances 
in which colour is developed, such as the fatty compounds, 
diacetyl, tertiary nitroso-compounds, etc. ; and it is inter- 
esting to compare the absorption spectra of such substances 
with those of the ordinary dyes and the more complicated 
aromatic coloured substances. 

Attempts have also been made to get to the very root of 
the matter, and discover the very simplest structures giving 
selective absorption, i. t, absorption bands, in any part of the 
spectrum. 

A list of substances, the absorption spectra of which had 
been studied up to that date in connection with the chemical 
constitution of organic compounds, will be found in the 1901 
38 
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Report of the British Association for the Advancement of 
Science. Up to that time it may be said that practically the 
only investigators to record absorption spectra completely, 
i,e. by means oftabsorption curves, were Hartley and his 
collaborators, especially Dobbie, Huntington and Lauder. 
From that time onwards an increasing number of English 
chemists have taken up the study of absorption spectra by 
means of absorption curves, e.g, Baly and his collaborators 
Desch, Collie, Ewbank, Stewart, Edwards, Marsden, Tuck, 
Baker, Gazdar, Schaefer, Watson (H. E.), Lowry and Rice ; 
also Hedley (partly in collaboration with Hartley), Hewitt and 
his collaborators Thomas, Buttle, Thole, Pope and Willett ; 
Purvis and his collaborators Homer, Jones, Tasker and 
M'Cleland; and Watson (E. R.) and his collaborators Meek, 
Sen, Medhi, Sircar and Ghosh. 

A good deal later a few German chemists adopted this 
method of investigation, especially Hantzsch and his col- 
laborators, also Ley, Meyer, Fischer and Stobbe. 

A new list of organic substances, of which the absorption 
spectra have been measured, has been prepared by Dobbie, 
Baly and Stewart in the 1916 Report of the British Assoa- 
ation for the Advancement of Science, pp. 131-186. 

But at the present time there is nothing like a systematic 
collection of absorption spectra, even of dyes and coloured 
organic substances. P'ormanek has studied the absorption 
spectra of dyes in a systematic but unfortunately only quali- 
tative way {Spekiralanalytischer Nachweis kiinstlicher Organ- 
ischer Farbstoffe, Berlin, 1900), recording the positions of 
the maxima of absorption in very dilute solutions, and indi- 
cating whether the bands are symmetrical or not. And 
Mees has published photographs of the absorption spectra 
of a certain number of dyes, using a wedge-shaped cell to 
contain the solution through which the light was passed, and 
thus to a certain extent showing the change of absorption 
with variation of the thickness of the layer of solution ex- 
amined {An Atlas of Absorption Spectra, by C. E. Kenneth 
Mees: Longmans). 

The following reproductions of the absorption curves of 
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Oscillation frequencies. 



(Reproduced from B*ly and Stewart's paper, Chtm, Soc. Trans, , 1906, W, p. 503, Fig. 1.) 


Relative thicknesses in mm. pT N/i 0,000 solution. 
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Aeetylacetime compounds. 
Oscillation frequencies. 



Fig. i8. 


1. Acetylacetone. 4* Acetylicetone thorium compound. 

2. AcelyUcetonc beryllium compound. 5. Methylacetylacetone. 

3. Acelylacetone aluminium compound. 

(Reproduced from Baly and Desch’s paper, Chem. See. Tram., 1904, 16 , p. 1034, Fig. a.) 


Relative thicknesses of N/5000 solution. 
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Oscillation frtquencus* 



Fig. 19. 


I. Ethyl cthoxycrotonalc. 

' 2. Ethyl acetoacetate. 

3. Ethyl acetoacctatc with a trace of hydrochloric acid. 

4. Ethyl acctoacetata with excess of hydrochloric acid. 

(Reproduced from Baly and Deseb’s paper, Ctum. Soc. Tram., 1904, II, p. 1035, Fig. 3. 




ooo solution. 
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Oscillation frequencies, 

8000 1 2 3 4 8500 6 7 8 9 4000 ^ 9 8 4 4500 



Fig. 20. 


1. Ethyl acetoacetate in water with half an equivalent of NaOIl. 

2. Ethyl acetoacetate in water with one equivalent of NaOH. 

4. Ethyl acetoacetate in water with excess of NaOH. 

3. Ethyl acetoacetate, aluminium compound. 

(Reproduced from Baly and Desch's paper, Cktm, Soc, Trans., 1904, 86, p. 1037. 


Relative thicknesses <?/■ N/5000 solution. 
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Benzene. 

. Brombenzenc. 

Fluorbenzene. 

lodbenzene. 

Chlorljenzene. 

(Reproduced from Ley’s DU BtzUhungtn tmischm Farh$ und Konstittittan, 
Fig. lo, p. 78.) 





Thickness of layer of solution in millimetres, 

-<-X in 500 I milligram-mol. in too c.c. >• -<-i milligram-mol. in 20 c.c. 



Proportional parts of a milligram molecule. 
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— • — ♦ Quinol. 

Pyrocatcchol, 

Resorcinol. 

TU curvet »/ P^trecaiecAcl and Rttrrcinrl rum omt imta the ether at the JuitUt marhedthue X. 
(Rtprodaoid fratu Hartley's paper, Chem. Sac. r^ww., z888, 88, tod Platt, facing p. 6 4a.) 


Proportional thickness of liquid. 


Thickness of layer of solution in millimetres. 

-<-l in 500 -4 I mUligram-mdl, in 100 c.c. >- x milligram-mol. in 20 c.c. 
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Oscillation frequencies. 

32 34 86 88 40 42 44 46 34 36 88 40 42 44 46 48 



(Reproduced from Purvis’s paper, Chtm. Sec. Trans.^ 1915, p. 503, Fig. a.) 


Relative thicknesses in mm. 
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Oscillation frequencies. 



100,000 

50.000 

25.000 

10.000 
5000 
2500 

1000 

500 

250 

100 

50 

25 


Naphthalene. Full curve. 
Dihydronaphthalene. Dotted curve. 


(Reproduced from Baly and Tuck's paper, Chem, Sec. Tratu.^ 1908, 63 , p. 1903, Fig. i.) 


Relative thicknesses of N/iooo solution. 
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Oscillation frequencies, 

2000 22 24 26 28 3000 82 34 86 88 4000 42 44 



a-Naphthaquinonc. Full curve. 

Anlhraquinone. Dotted curve. 

(Reproduced from Baly and Stewart’s paper, C/ttm. Sffc. Trans,y 1906, 89, p. 511, Fig. 8.)^ 


Relative thicknesses in mm, o/N/io,ooo solution. 
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Full curve. Triphenyl methane. 

Dotted curve. Triphcnyl methane (Hartley), 
Dot and dash. Triphenyl carhinol sulphate. 


(Reproduced from Baker's paper, Chtnt. See, Ttans.^ 1907, 91 , p. 1494, Fig. 4.) 
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Fig. 35- 

Azobenzene and chrysoidine. 

(Reproduced from Hartley'i paper, Chtm, S^e. Trtuu., 1887, fl, p. 152. tt Sif., Plate IV.) 


Scale of oscillalion freqi 
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OscillcUion frequencies. 


. 16 18 2000 22 24 26 28 3000 32 34 36 38 4000 42 



Fig. 37. 


Full curve. Kenzeneazophenol in alcohol. 

Dotted curve, Benzeneazophenol in cone. HCl. 

Dot and dash curve. Benzeneazophenol in alcoholic NaOEt. 

(Reproduced from Tuck’s paper, Chem. Soc. Trans., igoy, 91, p. 450 , Fig. i.) 


Relative thicknesses of N/io,ooo solution. 
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/SO,H 

C 

* *\n=N-C,,H,(SO,),OH« 
Camene-azo-/3-napbtboi di$ulphonic acid. 
Benzene-azO'/Snaphtbol disulpbonic acid. 
Crocein Scarlet. 


(Reproduced from Hartley's paper, Soe, Trmu,^ idS;, II, pp. ija s/ rr;. Plate VI11-) 




Fig. 39. 

Helianthin. Biebrich Scarlet. 

(Reproduced from Hartley’s paper, Ck«m. S0e, Tranx.^ 18I7, U, pp, 152 fi seq, Plate VIl.) 
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CHEMICAL COHSTlTUTtON 6i 

Ifi the absence of, absorption curves for the more compli* 
^ted a:?o«dyes the following data from Formanek are given 
for a few typical cases (Fig. 44). 


flrbitrary scale divisions. 



Fig. 44 


1. Orange II 

2. Fast Red A 

3. Fast Acid Fuchsine B 

4. Biebrich Acid Red 4B 


/S03Na(4) 

c.n/ 

Ni)N«N-(i)Cxon.(2)OII 

/SO,Na 

CioH/ 

\N = N-C,oH,OHa 
OH NH, 

c,n.-N = N-/V^ 

SO,Nal^^ySO,Na 

on on 

SO,Nal JL JSOjNa 


5. Azofttchsin B 


CH,C3H4-N 


OH OH 



\lC9ntinm4d9n fuxipmgi. 
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6. Azo Acid Blae B 

7. Ponceau 4 RB 

— Croceine Scarlet 3B 

8. Diamond Green 

9. Congo Red 

10. Diamine Blue 3B 


NH,C,H4 - N - N -i^V^ 

SO,Na'^^^J^'SO,Na 

/(4)SO.Na (2) OH 

N = N - C,H4 - N = N - (i) C„H, (8 ) SO,Ni 
fOH • OH(l) 

COOH OH(8) 

( - N = N - C„n, - N = N - (2) C„H4SO,Na(4) 


Benzidine 


/ 

\ 


naphthionic acid 
naphlhionic acid 


TolidincC^ 


li acid 
11 acid 


II. Azo Blue 


/NW acid 
Tolidinct^ 

\NW acid 



40 2468 &0 2468 60 9468 


Wave-Unglh, 

P'lG. 45. 

Alizarin or i : 2-dihydroxyanthraquinone. 

Alizarin in alcohol, N/lo*, 10 mm. thickness. 

„ in KOII, N/io*, 10 mm. thickness, 400 mols KOH. 

,, on tin mordanted wool, i per cent, dyeing. 

on alum mordanted wool, J per cent, dyeing. 

,, on chrome mordanted wool, J per cent, dyeing^ 

(Reproduced from Meek and Watson's paper, Cktm. Sve, Trans. ^ 19x6, 100 , p. 545.) 
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1-0 
0-9 
0-8 
^ 0-7 

t 0-6 

5 0-6 
I 0*4 

o 0-3 

0, “ 

^ 0-2 
0-1 
0-0 

40 2468 50 2468 60 2468 

W (WtAengih, 

Fig. 46 

Anthragallol or i:2:3-trihy(lroxyanthraquinone. 

Anthragallol in alcohol, N/lo‘, 10 mm. thickness. 

,, in KOH, N/io*, 10 mm. thickness, 400 mols KOH 

,, on tin mordanted wool, J per cent, dyeing. 

It on alum mordanted wool, { per cent, dyeing. 

.- ,, on chrome mordanted wool, J per cent, dyemg. 



(Reproduced from Meek and Watson’s paper, Chtm. Stc, Trans., 1916, 109, p, 548.) 
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2-3 



40 2468 50 2468 60 2468 
WavC’Un^ih. 

Fig. 47. 


Anthracene-blue or i:2;4:5:6:8-hexahytlroxyanthraquinone. 

Anthracene-blue in alcohol, N/io*, lo mm. thickness. 

w in KOIf, N/io*, 10 mm. thickness, 400 mols KOH. 

• • • • •! on tin mordanted wool, J per cent, dyeing. 

- — n on alum mor^ntcd wool, j per cent, dyeing. 

j> on chrome mordanted wool, J per cent, dyeing. 

(Reproduced from Meek and Watson's paper, Chtm, Soc. Tratu., 1916, IW, 551.) 
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V\c, 48. 

Fluoresccui in alcoholic .solution. 

Dihydroxytluorcsccin in alcoholic solution, 

Gallein in alcoholic solution. 

(Rqtr<5tluc«;d from Medlii and Watson’s paper, Chem. Soc. Trntn., 1915, p. 1579, Fig i. 


\V<WC-lcVf'Jh:^. 

06 01 62 0000 58 56 54 52 5000 48 46 44 



Fluorescein in alcohol solution with 20 mol.s KOII. 

Dihydroxy lluorcsrdn in alcoholic s<ihjli'.n with 20 tnols KOII. 

— Galltin in alcoholic solution with 30 tnols KfJlI. 


(Reproduced from Mcdhi and Watson’s paper, Cheftt. Soc. Trans. , 1915, p. 1580, F ig. 3. 
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It will be seen that in all the cases given the number 
of absorption bands in the visible and ultra-violet -parts 
of the spectrum is strictly limited and the bands are very 
broad. It may be mentioned here that saturated fatty 
compounds show no absorption bancfs, but only general 
absorption in the extreme ultra-violet, and it is generally 
considered that unsaturation is the cause of selective absorp- 
tion in the visible and ultra-violet parts of the spectrum. 

But this view may require reconsideration. Apparently 
saturated hydrocarbons show no selective absorption either 
in the visible or ultra-violet parts of the spectrum. [On the 
other hand they do show selective absorption in the infra- 
red, and it appears as indefensible to draw a hard-and-fast 
line between the infra-red and the visible parts of the spec- 
trum as it is to separate arbitrarily the visible and ultra-violet 
parts.] Neither do unsaturated fatty hydrocarbons show 
selective absorption in the visible or ultra-violet. This does 
not seem in agreement with the view that unsaturation is the 
cause of selective absorption. When we come to the consider- 
ation of organic compounds other than hydrocarbons we 
have to face the possibility that selective absorption may be 
due to elements other than carbon and hydrogen. Baly’s 
recent discussion of the fine ultra-violet absorption bands of 
sulphur dioxide under reduced pressure will help to remind us 
that very simple compounds of some elements which frequently 
occur in organic compounds may possess selective absorption. 
Nitrogen peroxide is a well-known example of the same kind. 
Even some of the elements themselves possess selective 
absorption : e.g, sulphur, either in the solid, liquid, or gaseous 
condition ; and apparently oxygen also possesses faint selec- 
tive absorption. The blue colour of ozone and water is 
well-known, as are also the rain-bands in the spectrum of 
sunlight which has passed through the earth’s atmosphere. 
Russell and Lapraik {Chem. Soc. Trans. i88i, jp, i68 et seq.) 
have reported that many simple compounds, such as water, 
ammonia, alcohol, etc., show quite sharp absorptioii bands 
in the visiblfiMpand ultra-violet parts of the spectrum if 
examined in sufficiently thick layers. 
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These observations of Russell and Lapralk may be 
mentioned in a little more detail. It was found that almost 
all liquids when examined in columns from 2 to 8 ft. in 
length exhibited absorption bands in the visible part of the 
spectrum. Carbon bisulphide and carbon tetrachloride were 
exceptions. The positions of the bands for some of the 
liquids examined were approximately as follow : — 

Substance Positions of bands (X) 

Water . . Infra-red to 6550, 61 cx)-6ooo 

Methyl alcohol . Infra-red to 6700, 6320-6290 
Ethyl alcohol . Infra-red to 6700, 6340-6290 
Propyl alcohol . Infra-red to 6900, 6330-6290 
Amyl alcohol . Infra-red to 6900, 6330-6290 
Ethyl iodide . Strong absorption from 7240 to 7160, 
weaker absorption on to 6980, 6310- 
6250 

Amylene . . Infra-red to 6700, 6340-6290 

Amyl iodide Absorption identical with that of amylene 
Chloroform . 7 r 70-7 1 1 o, 6 1 60-6070 
Ether . . Infra-red to 6900, 6160-6070 

Acetaldehyde . Infra-red to 6400, 6300-6250 
Acetic acid . Infra-red to 6270, 6150-6100 
Benzene . Strong absorption from 7140 to 7030, 
weaker absorption on to 6780, still 
weaker on to 6300, 6i6o-6ajO 

Toluene , . Infra-red to 7250, 7140-7030, 6500-6300, 

6i6o-6o<'x) 

Xylene . . Infra-red to 7250, 7150-7050, 6400-6300 

6160-6060 

Monochlor- 
benzene . 7140-7030, 6160-6060 

Dichlorbenzene 7140-7030, 6060 (very faint) 

Naphthalene . 7140-7030, 6300, 6160-6060 

Phenol . . 7100-6790, 6100-6000 

Ammonia (in Infra-red to 6820, 6520-6490, 6300, 6120- 
watei^ 6080, 5600 

Methylamine , Infra-red to 6860, 6570-6520, 6300 
Ethylamine . 7220-7100, 6620-65 50, 6300, 61 20-6080 



coLoui^ m 

The general character of the bands is shown in Hg. 53 
reproduced from the original paper. 

If we remember that the absorption bands of ordinary 
organic, dye-stuffs are generally visible^ in something like 
10 mm. of “/lOjOOO solution we can calculate that they are, 
roughly speaking, about 33,000,000 times as strong as those 
observed by Russell and Lapraik. 

Nevertheless, such cases cannot be dismissed by saying 
that the absorption is very slight. In some cases, as for 
example nitrogen peroxide, this is not so. So that it would 
appear at any rate possible to argue that the selective absorp- 
tion of organic compounds is due to the elements other than 
carbon and hydrogen contained in them. For example, the 
absorption bands of all hydroxy compounds might Ipe regarded 
as water bands intensified and shifted by the replacement 
of hydrogen by an organic radicle. Similarly amino-com- 
pounds might be regarded as derivatives of ammonia ; nitror 
nitroso compounds, etc., as derivatives of the oxides of 
nitrogen ; and so on. 

Benzene shows more numerous and narrower bands than 
most other substances. A few simple benzene derivatives, 
such as fluor-benzene, benzonitrilc, the toluonitriles, phenyl- 
acetic acid and tribenzylamine, have several fairly narrow 
bands similar to those of benzene’; but most substances, 
including the simplest derivatives of benzene, have only one 
or two bands, and these are much broader than those of 
benzene. Most dye-stuffs show only one or two broad bands. 
The poly-hydroxy-anthraquinones show more bands than 
most dye-stuffs. Alizarine cyanine and Anthracene blue 
W.R. show five or six bands in alcoholic solution and a larger 
number in some otlier solvents, Alizarine cyanine shows 
ten in amyl ether. It seems possible that the broad absorption 
bands shown by most organic substances may consist of 
a considerable number of much narrower bands which have 
fused together, or, rather, whicn cannot be resolved under 
ordinary conditions. Pauer first showed that Vhereas 
benzene vapour at atmospheric pressure has a very similar 
spectrum to that of liquid benzene, or of solutions of 







benzene in akohol, etc*» the vapour at lower pressures gms 
an 'absorption spectrum consisting of a large number of 
very narrow bands (sec Fig. 24). Under similar conditions 
chlorbenzene, toluene, aniline, phenol, benzaldehyde, benzo* 
nitrile and the toluonitriles also show a large number of 
fine bands. So also does benzoquinone. But such fine 
bands have not yet been observed in the absorption spectra 
of the majority of substances under any circumstances. 

It may be that the ordinary broad bands consist of 
these finer bands fused together. In fact, Hartley came to 
this conclusion with regard to benzene after a careful 
comparison of the ordinary and the fine banded absorption 
spectra. 

It seems, however, that some other investigators would 
not be inclined to regard the broad bands as formed by 
the fusion of the narrower bands, even when they occur 
in the same part of the spectrum. (Sec M'Clcland, Ph'l. 
Mag. 1915 [vi.], 192). Apparently they hold the view 

that the narrower bands may be rendered more visible in 
the part of the spectrum where the bropd bands give some 
general absorption, in somewhat the same way as stars are 
said to be visible at mid-day to an observer looking up 
a tall chimney or from the bottom of a well. This view 
will probably be rather difficult definitely to disprove. But 
the more obvious view will find general acceptance if an 
extended number of substances can be induced to exhibit 
fine banded absorption, and if in all cases the groups of 
fine bands occupy the same positions as the ordinary broad 
absorption bands. 

Mrs. Laird’s study of the absorption spectrum of chlorine 
g^s{Astrophys.Joum.,i.^, 85 [1901]). seems to indicate that in 
this case the fine absorption lines and the broad absorption 
band observed were due to different causes. The fine lines 
extended from ^=4800 to ^=5350 at atmospheric pressure^ 
and tc^4=5450 at 2J atmospheres. The line spectrum 
scarcely altered in character at all with increasing pressure^ f; 
the lines only becoming blacker and new lines being added " 
towards the red. There is also a general absorption band ' 
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in the ultra-violet which could not be resolved into lines even 
when the pressure was reduced to 5 cm/ It was found to 
vary very much in extent with change of pressure, and at 
the greater pressures it extended even o»/er the absorption 
lines, reaching A =4990 at 2J atmospheres. 

This investigation seems to suggest a way of deciding 
whether the fine bands of benzene vapour, etc., are produced 
by the resolution of the broad bands. Observation of benzene 
vapour at different pressures with a spectrophotometer should 
decide whether the broad bands disappear when the fine 
bands come into view. 

If the broad absorption bands are not formed by the 
fusion of a large number of much narrower bands, then it 
is certain that they must be caused by some kind of forced 
vibration within the molecule, the vibration being opposed 
by a great deal of friction. The absorption curves show 
that most of the bands are asymmetrical, and theory 
indicates that this would be the case for bands due to 
forced vibrations. 



CHAPTER V 

RELATIONSHIPS BETWEEN CONSTITUTION AND 
DEPTH OF COLOUR 

Nietzki’s Rule : The colour of a dye-stuff can be 
deepened by adding groups so (7s to increase its molecular 
weighty and the deepening of colour produced is more or less 
proportional to the increase of its molemlar weight, — This 
rule has been referred to in Chapter I. It was probably 
formulated by Nietzki to summarize well-known facts in 
connection with the triphenylmcthane group of dyes, but 
apparently was not based on any systematic investigation. 
The table given in Chapter I. shows that the rule applies 
to a considerable extent to other groups besides the tri- 
phcnylmethane series. The rule was subjected to a careful 
examination by Schiitze {Z.f, physikalische Chem. 1892, p, 
109 et seq) who pointed out many exceptions. His investi- 
gation showed that the effect of an added atom or group 
depended not only on its weight, but also on its chemical 
nature, and on the position in which it attached itself to 
the molecule. He pointed out that in some cases, e.g, on 
the addition of a nitro-group to indigo, the shade even 
becomes lighter instead of deeper and the terms bathychrome 
and hypsochrome were introduced : the former being applied 
to those groups which produce a deepening of colour, and 
the latter to those having the contrary effect. Another 
example of a hypsochrome is the acetyl group. All dye- 
stuffs containing hydroxyl or amino groups become much 
lighter in colour when completely acetylated, in some cases 
becoming quite white. Within a few years of the announce- 
ment of Nietzki’s rule several investigators recorded the 
positions of the maxima of the absorption bands of a 
71 
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number of dyes and their derivatives (Vogel, Ber, i 88 y, 
712-718 ; Kriiss, Z.f. physikalische Cheni.\Z%%y 2^ 312-337 ; 
ibid, 189s, /<y, 559-562 ; Ber, 1883, 16, 2051-2056 ; ibid, 1885, 
18, 1426-71433; Bernthsen, Ann, 1885, J3-211 ; ibid. 1887, 

20, 924-934; Bernthsen and Gorke, 1887, 20, 924-934). 
As the colour of a substance is determined by the position 
of its absorption band (or bands), and is deeper the nearer 
the band (or bands) lie to the red end of the spectrum, these 
investigations served as a quantitative study of Nietzki’s rule. 
It was found to be generally true that the introduction oi 
alkyl groups or halogen atoms shifted the absorption bands 
towards the red, and thus deepened the colour. 




I’ositidii of tlu* all- 
.sorption tna.\iiiunii 


Indigo 

chloroform 

(<>r iiia.\iiiia) iti wavc- 
IciiK*!''* M/'i- 

604 ‘8 

Kriiss and Oeco- 

Metliyl indigo . 

,, 

(.197 

nomides 

Kthyl indigo 

,, 

652-r) 


Broinindigo 

,, 

606' j 


Dibromindigo . 

,, 

623-0 


Ben/cnc-azo-iS-naph- 

alcohol 

503 'O 


thol sulphonic acid B 


Vogel 

Toluene-o-azo-/ 3 -napli- 

1 

»» 

510-0 

thol sill phonic acid B 



ToluenC'p-azo-jS-naph- 

)> 

512-0 


thol sulpln)nic acid B 



Thionin 

,, 

610-0 

Bcrnih.sen and 

Dimethyl thionin 


625*0 

Gorke 

Diethyl thionin . 

,, 


Kriiss 

Fluorescein . 

aqueous alkali 

493-0 

Dibromlluorescein 

504 -s 

1 » 

Tetrabrondluoressccin 


515*9 



On the other hand it was shown that in some cases the 
introduction of nitro groups shifted the absorption band (or 
bands) towards the blue end of the spectrum, and consequently 
made the colour lighter instead of deeper, i, e. the nitro group 
acted as hypsochrome. 



CHEMICAL CONSTITUTION 


73 


Substance. 

^ Solvent. 

Positions of the ab- 
sorption maxima in 
wave-lengths ju/a. 

Observer. 

Indigo .... 

• chloroform 

604 *8 

Krliss and 
Oeconomides 

Nitro-indigo 

aqueous alkail 

585*8 

,, 

P'luorescefn . 

494*0 

Krils.s 

Tetranitro-fluorcsce'in . 

489 '0 

609-5 ' 499*4 


Alizarin 

concentrated Ilj.SO, 


i8-nitroaliz.irin . 


518-3 1 490*4 



[It may be pointed out, however, that the nitro-group 
has not always this hypsochromic effect. Colourless sub- 
stances, such as phenol and aniline, become coloured when 
nitro-groups arc introduced into the molecule and, as will 
be mentioned later under Hewitt’s rule, the introduction of 
a nitro-group into benzene-azo-phenol, converting it into 
/-nitrobenzenc-azo-phenol, has a very strong bathychromic 
effect, judging by the colours of the alkaline solutions.] 

According to some observations of Krliss the amino-group 
had also a hypsochrome effect : — 


i 

i 

I 


Siilistaticf. 



I Alizarin 
I Amido-alizarin 
1 j8-amido-aliz;iri!i 
Alizarin 
Amido-alizarin 
Indigo . 
Amido-indigo 


Soiveht. 


Posilion of the 
aliMirptioii twix 
iiniim ill wave- 
lcn;;th.s 


rhloroforin 


concent lalcd IKSOi 


f»o9-5 

531*5 
540 ’3 
499*4 
495*2 
60^1 
i 5«8*9 


[Here also it should be remarked that the amino-group 
does not always exert a hypsochromic effect. On the 
contrary, being an auxochrome, it generally has a very 
marked bathychromic effect : e.g. yellow anthraquinone is 
converted into red a-aminoanthraquinone, colourless fuchso- 
nimine is* converted into Dobner’s violet by an amino-group, 
and ami noazobenzene is deepened in colour by a second 
amino-group converting it into chrysoidinc. 
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The following small table is of interest as showing that 
in some cases the molecular weight ,may be made very 
large without a deep colour being attained. 


t. 


Molecular Formula. 

Mol. wt. 

Shade of Dyeing. 

C,H,-N = N-C,H,*OH 

198 

yellow 

C.n. - N = N - C.II. - N = N 

346 

brownish yellow 

C,Hj-N = N~C»Il4-N = N-C,H4-N = 



\s r It Oil 

450 

brownish yellow 

C. Hj N — N 

274 

orange 


482 

yellow 

,c.ii.-n.=n-c.h™oh 
(O il )C^ C,H, - N = N - C,H,”ooh 

752 

yellow 





Colours of the Second Order 

Before concluding the discussion of Nietzki’s rule refer- 
ence may be made to Piccard's conception of “colours of 
the second order ” and the experimental facts which led 
him to announce that he had realized such a colour of the 
second order {Her, 1913, 46, 1843, 

By the limited oxidation of /-phcnylencdiamine there 
is obtained a strongly coloured substance of the same 
character as quinhydrone. One molecule of /-phenylene- 
diamine is oxidized to quinone-diimide and combines with 
another molecule of unchanged /-phcnylenediamine. Simi- 
lar compounds are formed by the oxidation of derivatives 
of /-phenylenediamine in which the amino-groups are alky- 
lated or arylated. These compounds form salts. 

Without troubling as to the exact mode of unfon of the 
quinonoid and non-quinonoid halves of the molecule their 
formulae may be written — 
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R' R'' 

Y 

A' 

A- 


R' R'' CI(Br) 

\l/ 

N 

‘ ‘/\ 

I I 
\/ 

* N 

/l\ 

R' R" Cl(Br) 


They arc termed w^n-quinonoid salts, and the scries 
forms a good illustration of Nietzki’s rule as the colour 
becomes progressively deeper the more completely the 
molecule is alkylated or arylated and the heavier the 
substituent groups are made, .^/m-quinone di-imonium 
bromide is yellow. The corresponding salt from diphenyl- 
/-phenylenediamine is blue and that from tetraphenyl-/- 
phenylenediamine is green. By the oxidation of benzidine 
and alkylated or arylated benzidine a similar series of meri- 
quinonoid salts are formed which may be represented as — 


R' R" R' R" Cl(Br) 



The w/m-quinonoid salt from benzidine has a deeper 
colour than that from /-phenylenediamine, and so on 
throughout the series. That from tetraphenylbenzidine 
should have the deepest colour of all. As a matter of fact 
it is yellow. The deepening of colour in any scries such 
as this is due to the gradual movement of the absorption 
band from the blue to the red end of the spectrum, and it 
is only to be expected that the band might eventually pass 
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altogether out of the visible spectrum into the infra-red. 
This appears to have happened in tbe case of the men- 
quinonoid salt from tetraphenylbenzidine, and the yellow 
colour is apparently due to a second Ifand which has come 
forward from the ultra-violet into the visible part of the 
spectrum. Hence it is called yellow “of the second order.” 
It is very desirable that the first band should be detected 
in the infra-red, but this has not yet been done. Straus and 
Zeime (Eer. 1913, 46, 2267) regard the colour of auramine as 
yellow of the second order, but, as will be explained later, 
there is no necessity for this. 


Scholl’s Rulk. — The very first publication which was 
ever made on the relation between constitution and colour 
(Graebe and Licbermann, Ben 1868, /, 106; see Chapter I) 
pointed out that the colour of organic compounds seemed tp 
depend on some degree of unsaturation, and that reduction 
destroyed their colour. The term leu coh.ou pounds applied to 
substances obtained by the reduction of dye-stuffs, e,g, indigo- 
white from indigo, or to substances which on gentle oxidation 
yield dye-stuffs, eg. the Icuco-com pounds of the triphenyl- 
methane dye.s, perpetuates the idea that reduction destroys 
colour. Scholl, however, pointed out (/>Vr. 1903, jd, 3426; 
1907, ^0, 934, 1691 ; J908, ^7,2304) that in some cases partial 
reduction causes deepening of colour ; t.g. the reduction 
product indanthrene has a deeper colour than its oxidation 
product, anthraquinonc-azine. 


CO 

/\/ 


/\/\ 

CO 




Nv 


CO 


\/\/\/\ 


s/\/\/ 
CO 

Anthraquinonc-azine (greenish 
yellow). 



""YW) 

\A/\/ 

CO 

Indanthrene (blue). 


He explained this by pointing out that anthraquinonc-azine 
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contains three chromophores, viz. two quinone chromophores 
and the azine chromophore, but no auxochromes. Reduction 
destroys the azine cAomophore, but introduces two auxo- 
chromes, viz. the imino-groups. The two quinone auxo- 
chromes remain, an 3 their effect is intensified by the 
auxochromes, which more than compensates for the loss of 
the azine chromophore. 

He enunciated the rule that “if chromogens which con- 
tain more than one chromophore are so reduced that one or 
more chromophores remain whilst the others are changed into 
auxochrome groups a deepening of colour may be produced." 
He gave the following further examples in illustration of 
his rule — 


Nitroquinone (golden yellow) ; 

1,2, Dihydroxydiquinoyl (rhodi- 
zonic acid), hydrate (colourless), 
salts (red) ; 

Naphthacenediquinone(Ieather 
brown) ; 

Nitrophenazin (yellowish 
green) ; 

Tetraphenylbenzodipyrazin 
(yellow) ; 

N N 

cji /yyyji, 

t^eH»\/\/\/CoH5 

N N 


Nitrohydrociuinone (red) ; 

Tetrahydroxy(|uinone (blue 
black) ; salts (black) ; 

Dihydroxynaphthacenequin- 
one (ruby red) ; 

Dinilrodihydrophenazin (blue 
violet), (mononitro compound 
unknown] ; 

Telruphenyldihydrobenzodi- 
pyrazin (blue). 

NH N 

c«n,Yr^YY«". 

CeH\/\/\/QH, 

NH N 


And he explained the change from yellow anthrazin to reddish 
brown dihydroanthrazin by the same rule {Ber, 1907, ^0, 934). 


CH 
\/\/' 


./\/\/\,v 

CH !1 

. "\A™ /\ 

• I I I I 
\/\/\/ 
CH 

Anthrazin (yellow). 



NH 

CH 

uOO 

CH 

Dihydroanthrazin (reddish 
brown). 
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Hewitt’s Rule. — This investigator's researches on the 
colour of azo-compounds led him to the conclusion that the 
chief oscillation frequency is less, and consequently the colour 
is deeper, the longer the conjugate cjjain, i.e. the chain of 
alternate double and single bonds, in the molecule {Chem. 
Soc, Trans. 1907, p/, 1251). 

The observations which led him to formulate this rule 
were briefly as follows: — In the first place he was much 
impressed by the deep colour of the alkaline solutions 
of certain dyes which he happened to make, viz. /-nitro- 
benzenc-azo-4:6-dimethylcoumarin (I) and /-nitrobenzene- 
azo-4-mcthyl-a-naphthacoumarin (II). The alkaline solu- 
tions of these substances arc very much deeper in colour than 
those of the corresponding compounds without the nitro- 
groups, viz. benzenc-azo-4:6-dimcthylcoumarin (III) and 
benzene-azo-4-mcthyI-a-naphthacoumarin (IV). (C/tem. Soc. 
Trans. 1906, <^’p, 13, 17.) He noticed that a /-nitro-group 
in the nucleus not containing aiixochromes generally produced 
this very pronounced deepening of colour in alkaline solution, 
i.g. /-nitrobenzene-azo-phenol (V) and /-nitrobenzene-azo 
naphthol (VI) have much deeper colours (crimson and violet) 
than benzene-azo-phenol (VII) (orange) and benzene-azo- 
naphthol (VIII) (crimson). He naturally concluded that the 
alkaline salts of these nitro-compounds had an essentially 
different structure from those of the non- nitrated compounds, 
and suggested that they were of the fj^7-nitroso form. The 
suggested formula: for the compounds mentioned were as 
follows — 


(I) 



CH 

c'oOK 
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C^“-“=0 

0^ ^C.CH, 

ca 




N— N=/ \s0 


\ 

C. CH.COOK. 
CH, 


/=\ 

^NK— N=(^\ssO 

V CH.COOK 
CH, 


Xns/^X— n_n— / \s::0 


^-NK— Ns=^ ^=bO 


iwUv >— V V 

^'>-0'<-x=0 
// \ 
\a/ 
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He found confirmation for these formulae by preparing 
derivatives of these compounds {a) with a carboxyl group 
adjacent to the nitro group, {b) with a carboxyl group adjacent 
to the hydroxyl group. The salts of the heavy metals had 
the same deep colour in those cases where the carboxyl was 
adjacent to the nitro group, but not where it was adjacent 
to the hydroxyl. It may be fairly assumed that the heavy 
metal is held by adjacent hydroxyl and carboxyl groups, and 
this leads to the w-nitroso formula for the deep-coloured 
salts with the heavy metals (IX), and where the formation 


(IX) 

O -OC 

\ 

0>"< >-N-X < >- 0 


(X) 


0,N<^ ^-N=N^ 'y 


-Ov 


CO- 0 '' 


of the w(?-nitroso salt is prevented the deep colour is not 
obtained (X). He felt that this justified assigning the 
iyi?-nitroso formula to the deep-coloured salts. 

It will be noticed that in all cases the w-nitrosb formulae 
contain a longer conjugate chain than do the formulae of the 
corresponding compounds without the nitro-group. And it 
was on this evidence that Hewett suggested the rule with 
which his name is associated. o 

The present writer pointed out {Chem. Soc. Trans. 1914 
/Of, 764) that if Hewitt’s rule is to be generally applicable 
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some further qualification must be demanded as to the con- 
jugate chain, otherwise such compounds as naphthalene (XI), 

/\/\ 

P I 1 

\/\/ 

(XI) 

which contains a fairly long conjugate chain, might be 
expected to be coloured. 

It was suggested {loc. cit) that a further qualification should 
be required, viz. that the conjugate chain must be contained 
in a quinonoid formula, and Hewitt’s rule so modified was 
suggested as generally applicable. The modified rule would 
run thus : “ The chief oscillation frequency is less, and conse- 
quently the colour deeper, the longer the conjugate chain 
contained in the quinonoid formula of the substance." 

Baly, Tuck and Marsden {Chem, Soc. Trans. 1910, py, 
1494) threw doubt on the /jtJ-nitroso formula suggested by 
Hewitt for the alkaline salts of the /-nitro-azo-compounds ; 
and Sircar {Chem. Soc. 'Trans. 1916, /op, 757 et seq.) came to 
the conclusion that Hewitt’s rule must be modified for the 
azo-series, the depth of colour being proportional to the 
length of the conjugate chain in the part of the molecule 
containing the auxochrome, counting from the auxochrome 
to the azo-linking. 

Sircar noticed that /-nitrobenzcneazobenzeneazophenol 
(XII) dissolved in alkali with a lighter colour (purple) than 
/-nitrobenzene- 1 -azo-4-naphthol (blue) (XHI), although in 
the W(?-nitroso form it has a longer conjugate chain than the 
latter. 



G 


(XIII) 
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He prepared 4 -nitronaphthalene-i-azophenol (XIV), and 
compared it with /-nitrobenzene- i-azo- 4 -naphthol (XIII). 
In the 7 >(?-nitroso form these substances would contain 
conjugate chains of the same length, 


KO, 


Nn=/ Vn 

O' 


o 



(XIV) 


but the alkaline solution of the former is red, whilst that of 
the latter is blue. Hence he concluded that the colour of 
azo-compounds could not be estimated by the length of the 
conjugate chain reckoned in the way suggested by Hewitt. 
But he brought forward a considerable amount of evidence 
to show that the colour is proportional to the length of the 
conjugate chain in the part of the molecule containing the 
auxochrome, e.g. dyes formed by coupling diazo-compounds 
with tetrahydronaphthol have only a light colour. The 
hydrogenation of the naphthalene nucleus has shortened the 
conjugate chain (XV). Compare with the non-hydrogenated 
nucleus (XVI)— 


- NH - N=^_)>==0 

”*\ /”• 
HrH, 

(XV) 


- NH - N' 


-N=/ \ 


\ 



o 


(XVI) 


Dyes formed from a-anthrol (XVII) have a longer con- 
jugate than those from a-naphthol (XVI), and they have a 
deeper colour — 



(XVII) 
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The isomeric compounds from anthranol have shorter 
conjugate chains (XVIII) than those from a-anthrol, and 
they also have a lighter colour — 

/=\ 

\ / 

-NH-N— <;^ ^=0 

O 


Watson’s Rule.— T he present writer pointed out {Proc. 
Chem, Soc. 1913, 348; C/o'ffi. Soc Trans. 1914, /05, 759) 

that dyes which are quinonoid in all possible tautomeric 
forms have a deep colour, no matter how’ simple their 
structure or how small their molecular weight. 

“ In the following table there are placed opposite each 
other in the two columns dyes of very similar constitution 
which yet show remarkable differences in depth of colour — 

Hexahydroxybemophenone 
(Dyes yellow on alum and chrome.) 

C,H,(OU),. CO. QII, (011)3 


Leather yellow 
(Dyes yellow on leather.) 
CJb.NH, 

4 : if -Diaminoazobenzenc 
(Yellow) 

NH,.C,II4.N:N.C,H4.N1T, 


Anthracene blue 

(Dyes violet f)n alum, blue on chronae.) 

y:( 0 ii) 

O:r,M( 0 H),f J>C,H(OH), 

Magenta 
(Dye !4 bluish red.) 

C.lU.NIIj 

Cllb,N '.Coll* :C. Cell,. Nil, 


Indamtne 

(Blue 

NII:C,M,:N.C,H 4 .NH, 


Quercetin 

(Yellow on alum, yellowish brown on 
chrome.) 

O 


C.H,(OH) 
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Myriceiin 

(Dyes similar shades to quercetin.) 




. OH 
CO 


Gallacetein 

(Dyes violet on chrome.) 

• O 

/V:C4H,(0n),;0 

c 

CH, 


“ The dyes in the right-hand column can only be repre- 
sented by formula; containing a quinonoid arrangement. 
Whatever tautomeric change they may be supposed to 
undergo their formuhc still contain the quinonoid arrange- 
ment. Those on the left-hand differ in that they can be 
represented by formuhe not containing this arrangement. 
They can, of course, be supposed to tautomerise into forms 
containing this quinonoid arrangement, but in all cases it 
is possible to represent them also in a non-quinonoid form.” 

survey of all the better known dye-stuffs fully bears 
out this theory. The triphenylmethane dyes, the pyronines, 
benzoins and fluorones, the indophenols, indamines, oxazines, 
thiazines, azines (safranines, etc.), all satisfy this requirement 
and exhibit deep colour, in many cases with little molecular 
complexity. Hiemateln and brazilein conform to this rule. 
They have almost the same molecular weight as the flavones, 
and there is considerable resemblance in their structure ; but 
they conform to this rule, whilst the flavones do not, and 
consequently their colour is much deeper. The alizarin 
series, and also naphthazarin, illustrate the rule. On the 
other hand the monoketonic dyes, e.g. the benzophenone and 
xanthone derivatives, the flavones and flavonols, ellagic acid 
and the azo-dyes can be represented by non-quinonoid 
formula; ; and many members of these groups, despite very 
considerable molecular complexity, have no great depth of 
colour. The following formulae show the different possible 
tautomeric forms of typical dyes of these groups which 
illustrate this difference. c 
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Magenta 

C,H 4 .NH, C,H 4 :NH,CI 

NH,Cl:C,H^;C.C,H 4 .VfH, NH,. C,H» .C. C.H^. NH, 

. C.H 4 .NII, 

NIIj.Qn 4 .C:C,H 4 :NH,(:i 

Pyronittc G 

NMe,Cl:C,HZ Vvia-NMcj mU,.C,n,( V.Hi : NMe.Cl 
Trihydroxyphcnyljluorone 

0:C,IIa(0H)/ ^CellaiOH), )QII,(0H):0 

Indophenol 

0:Cion,:N.C«H4.NMc., IICI IIO.QoH# • N ;CVl4:NMe,Cl 

• Phenylene Blue 

NH:Cen4:N.C,n4.NIIa 1; NUfCelli . N rCeHiiNII 

Nitroso Blue 

NMejChCoHsl }C,\l,.(m IICl, NMcvCallaC iCeH,;0 

LiiiitPs Viidet 

Nn;C,H,^^yC,ll 3 .Nll, Nna-Callj/ ^^^CellatNlf 


Sai ranine 


/y N N 

NH,C1 ^QIIjMc . NH, 




Nil, . C,II,Mc<f >C,H,Mc :NH,C1 
^NPh/ 


N 


Hamatcin 


O 

/\:n, 

C 

\/CH. 

C.H,(OH), 


0 

/\CH, 

c.n,(Oii). I 

\ /C.OH 

Y\ 

\/Cn. 

C,H,(OH)jO 
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Anthracene Blm WR 


C,H(On), <^Vh(OH). 


'*\co. 


^qon). 

0:CJI(0H),f * 

^ CO 

0:C,n(0H)a 

Naphthazarin 


')<:.h(OH), ; 


Ilcxahydroxybcnzophenone 

O!C,h,(0H),:C(oii).c,u,(()H), c,h,(oh),.co.c,h,(oh), ^ 

C:,Hj(OU), . C(OU) : C,lIj(Oir), : o 

Dihydroxyxanihone 


0:C,1I,. 


^C(OH) 


CgHa.OlI 


I10.C,Ha( >C,Ha.OH 
'CO^ 






O 

c(on) 




Quercetin 

O O 

/\c.c:,ii,(OU), , /\c.c.H,(OH), 


Yon 


CO 


/\c:C,n,(01l):0 

C.OII 


Ellagic Acid 


.y/ 


C(0H).0- 


/CO . Ov 


o;C,H(oii)^ ')Cen(oii), c,ii(on)j( ^c,h(oii),: 

\ O.CO / X).CO/ 

X(OH).Ov 

0:C,lI(OlI)r >C, 11(011) :0 

\O.C(OH)^ 

Benzeneaziphenol 

CaH,.NII.N:C,ll4 O 'Z- Qllj. N:N .Cella-OH ^ 

This theory was tested by starting from quercetin, which 
has only a light colour (yellow in alkaline solution), and the 
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formula for which can be written in a non-quinonoid form 
(XIX). By a series of chemical operations its structure 
was slightly altered so that it was rendered permanently 
quinonoid (XX). The new substance produced could tauto- 
merise from one quinonoid form to another, but could not 
assume a non-quinonoid form. And, as expected from the 
theory, this new substance had a deep colour. It dissolved 
in alkalies with a blue colour. 



A, 


m™< 


\/\/^ 
HO C 
Et 


(XIX) 


(XX) 


Watson’s and Mekk’s Modification of Hewitt’s * 
Rule. — In passing from one tautomeric form to another 
there is a reversal of the conjugate chain, so that double 
and single bonds change places all along the conjugate chain. 
In that group of substances which can only tautomerise 
from one quinonoid form to another the conjugate chain 
reversed is generally longer than in the other group of sub- 
stances which can tautomerise from a quinonoid to a non- 
quinonoid form. An appreciation of this fact led to the 
formulation of a further modification of Hewitt’s rule, viz. 
that the colour is deeper the longer the conjugate chain 
reversed during tautomeric change (Watson and Meek, 
Chem. Soc. Trans. 1915, /07, 1567). This rule was tested 
by measuring the wave-lengths of the maxima of the ab- 
sorption bands of seven pairs of substances which were 
selected as being very similar in structure, but having 
conjugate chains of different lengths reversed during tauto- 
merism* It was found that in each of these seven pairs the 
period of the vibration was proportional to the length of the 
conjugate chain reversed. 
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length of 
conjugate chain 
reversed durit% 
tautomerism. 

Wave-length 
absorption band. 

4 ; 4'-Teframethyldiaminobenzhydrol 

^ ratio = I '6 

J-ra.io = .-65 

4 ; 4'-Tetraincthyldianiinobenzophcnone 

3 

4 : 4'-DinTDinobcn2hydrol 

4 : 4^*l)iatninobcn2oj)henone 

5 ratio = I '6 

3 

5^^^° ratio = i *65 

3414 

Quercetin re<luction ])roduct 

Quercetin 

^ ratio -= 1 '6 

3 

ratio = I *65 

3690 ^ 

Morin reduction product 

Morin 

ratio = I '6 

3 


Apigenin reduction product 

Apigenin 

^ ratio ~ I ‘d 

3 

ratio = I *67 

3410 

I’yronine G 

^ ratio = I 

54^ ration. -4. 

3.6. Tetramctbyldiaminoxanthone 

3. liydroxyfluorone 

3.6. l)ihy<lroxyxanthone 

^ ratio = I "3 

ratio ™ I *32 

3810 


The reversal of the chain is shown in the following* 
structural formulae for 4 : 4'-tetramcth yldiaminobenzhydrol 
(Michler’s hydrol) and 4 :4'-tctramethyldiaminobcnzophenone 
(Michler’s ketone). 

- (cii.), Til 

on 

~II(CTrj),N 

It should be pointed out, however, that for some com- 
pounds more than two tautomeric forms are theoretically 
possible, and in some cases the length of the conjugate chain 
reversed is different according as we consider the change 
from (say) the first tautomeric form to the second, or from 
the first to the third, e.g, in the case of /-nitrobenzeneazo- 
benzeneazophenol there are three possible quinonoidf forms, 
and the length of chain reversed in passing from the non- 
quinonoid form to each of these is different. 







CHEMICAL CONSTITUTION 


89 


* 

0 yn-^ y. 

^ 0 ^ y 


<X) 

-N0„ 


( 11 ) 

>N0„ 


(XIX) 

bK 


Sircar’s work has shown that the colour does not always 
correspond to the reversal of the longest possible conjugate 
chain, and chemical evidence cannot be relied on to tell us 
definitely which change will actually take place, so that the 
theory cannot always tell us definitely what colour we may 
expect. 

It must also be admitted that in some cases deep colour 
is developed when there is no long conjugate chain to be 
reversed, in the case of the tertiary fatty nitroso com- 
pounds. It can only be suggested that in all ordinary dyes 
the colour is due to the periodic reversal of a conjugate chain 
of considerable length, but in some special cases the colour 
may be due to an entirely different kind of vibration. 

It must also be clearly pointed out that other factors, 
besides the length of conjugate chain reversed during tauto- 
merism, affect the depth of colour, and it is only when 
comparing substances of very similar constitution that we 
find the wave-lengths of the maxima of the absorption bands 
exactly proportional to the lengths of the conjugate chains 
reversed during tautomerism. In the first place the vibration 
can be made slower by weighting the molecule, even when 
the length of conjugate chain is unaltered, by brominat- 
ing fiuorescem we obtain eosin, which has a considerably 
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deeper colour, although the length of conjugate chain is 
unaltered. We see the same effect by comparing Michler*s 
hydrol (XXI) and malachite green (XXII) ; the replacement 
of the methane hydrogen atom by a pjjenyl group deepens 
the colour from blue to green. 

- (CH3),N-<^\-C---<^N(CH^ 

H 

(XXI) 

-(CH3),N.=-.(^\=C^/^\n(CH3), 

c,k 

(XXII) 

We may find an analogy for this in the vibration of 
stretched strings. For strings of the same material and 
under the same tension the period of vibration is proportional 
to the length, but if we take two exactly similar strings and 
affix a weight to one of them the periods of vibration will 
no longer be the same — the loaded string will vibrate more 
slowly. 

Again, we have already drawn attention to the very 
special effect of additional auxochromes in deepening colour. 
This cannot be explained as due to the weight of the addi> 
tional auxochromes, because other atoms or groups of equal 
or greater weight introduced into the molecule instead of the 
additional auxochromes do not produce nearly so great an 
effect on the colour, e.g, the bromine and ethoxy-derivatives 
of alizarin have not such deep colours as the polyhydroxy- 
anthraquinones. Nor in most cases do the additional auxo- 
chromes lengthen the conjugate chains which can reverse. 

A very special effect is produced by modification of the 
auxochromes at the ends of the conjugate chain, as, e.^., by 
alkylating or arylating the amino-groups of fuchsin or 
^rosaniline, or, in the case of mordant dyes, by com^)ination 
with different metals. In many cases the colour is so 
different on different mordants that such dyes have been 
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termed polygenetic, Logwood, alizarin, fustic, and cochineal 
may be given as examples of polygenetic dyes. Alizarin is 
yellow in alcoholic solution, gives orange dyeings on tin, 
red on alum, marooa on tin, and is purple in alkaline solu- 
tions. An exactly similar case is that of violuric acid with 
its different coloured salts. As we have already seen, the 
regular deepening of colour produced in the triphenylmethane 
group by the systematic alkylation or arylation of the amino 
groups has been attributed to the weight of the added alkyl or 
aryl groups. But in the case of the mordant dyes the depth 
of colour attained does not depend on the weight of the 
metal with which the dye has formed a salt, but rather on 
the electropositivity of the metal : the colour is deeper the 
more electropositive the metal. The order is tin, alum, 
chrome, and sodium or potassium, so that it very obviously 
does not depend on the weight of the metal (Meek and 
Watson, Chem, Soc. Trans. 1916, /op, 554). Hantzsch found 
that the depth of colour of the violurates, diphenylviolur- 
ates, isoxazolone salts, etc., was also proportional to the 
electro-positivity of the combined metal. Meek and Watson 
(ioc. cit.) offered the following explanation of this phenome- 
non : “ If we consider these conjugate chains as in a state of 
tension, the period of oscillation will be shorter the greater 
the tension, and the tension will be the greater the more 
firmly the metallic radicle is combined with the dye. When 
the dye is combined with a strong positive radicle the degree 
of dissociation in solution will be greater than when it is com- 
bined with a weak positive radicle. In a partly dissociated 
compound some molecules have still the metallic radicle 
attached to the dye molecule. The greater the dissociation 
the smaller is the number of molecules which have still the 
attached metallic radicle. We may regard the electric tubes 
of force from the metallic atom as partly connecting with 
the dye molecule and partly radiating around. The larger 
the dissociation, the smaller will be the number of tubes of 
force joining the metallic radicle to the dye molecule in those 
molecules which are undissociated, and the smaller will be 
the tension in the chain, and therefore the longer will be 
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the wave-length of the maximum of the absorption band. 
tlen<ie by increasing the positive naturp of the radicle, the 
absorption band should be moved towards the red end of the 
spectrum.” i 

Some work which has been done on the lakes of alkanna 
has reference to the change of colour, or, more precisely, the 
shifting of the absorption bands of certain organic dye-stuffs 
on combining them with different metals. Vogel and v. 
Lepel made some observations on the subject, and h'ormanek 
(Z. f anal. Chemie, 1900, jr, 409-434, 673-693 ; Qualitative 
Spectralanalyse anorganischer Kihper, Miickcnbcrgcr, Berlin, 
1900) studied the lakes of alkanna very minutely. The 
characteristic absorption bands are observed in an alcoholic 
solution of alkanna to which a metallic chloride has been 
added. In some cases it is also necessary to add a trace 
of ammonia. Three sharp absorption bands are observed, 
and the positions of these bands are different for different 
metals. Formanck claimed that you could identify a metal 
by adding its chloride to alkanna solution and measuring 
the positions of the absorption bands. He has recorded 
the positions of these bands for the alkanna lakes of many 
metals. And for the lakes of the alkali metals and alkaline 
earths his work has been repeated by Laubenthal [prudes 
A /in,, 1902, 7, 851-861) using a spcctrophotometric method 
for determining the positions of the absorption maxima. 

Formanck’s results are inserted for convenience in a 
periodic arrangement of the elements. The wave-lengths of 
the maxima of the first absorption band of the lakes are 
given. The same regularities would be observed for the 
second and third absorption bands. 
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II 

ITI 

IV 

V 

VI 
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vvm 

I 

H 









2 

Li 

6210 

Be 

5820 

B • 

c 

N 

■ 

0 

F 
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Na 

6337 

Mg 

6064 

Al 

5857 

Si 


P 

s 

Cl 


4 
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6387 

Ca 

6147 

Sc 

Ti 

6271 

V 

6099 


Cr 

Mn 

6171 

Fe Ni Co 
6545 6192 6370 
5895 6198 6354 

5 

Cu 

5953 

5945 

Zn 

6016 

Ga 

(ic 


As 

Sc 

Hr 


6 

Rb 1 

6397 

Sr 

6223 

Y 

6021 

6016 

Zr 

6030 

Nb 


Mo 

5845 


Rh Ru pa 
6418 
6084 

7 

Afi 

CM 

In 

5961 

Sn 


SI) 

To 

I 


8 

9 

Cs 

6410 

Ba 

0281 

La 

(>120 

Co 

6113 1 

61 23 1 

j 

l)i 

j 





10 

11 

Au 

Hg 

T 1 

62S8 

I’b 

Ta 

Bi ! 

\V 


Os Ir Pt 

1 




Th 

1 6C370 



U 

6S70 




It will be noticed that for the alkali metals increase of 
atomic weight causes an increase in the wave-length of the 
maximum of the absorption band ; and the same is true 
for the alkaline earths. This regularity is confirmed by 
Laubenthal’s figures : — 


Metal. 

Frequency of maxiinum 
of absorption band 

Metal. 

Frequency of maximum 
oi absorption band. 

Li . . . 

1604 

Mg. . . 

1648 

Na . . . 

! 1578 

Ca . 

1624 

K . • . 

1559 

Sr . 

1606 

Kb . 

: 1556 

Ba . . . j 

1590 

Cs . . . 1 

1 

1553 

i 
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It will be observed, however, that this relation between 
atomic weight and vibration frequency only holds for particu- 
lar groups, and that there is generally decrease of wave- 
length with increase of atomic weight if we examine the 
elements in series rather than in groujfs. 

The conclusion arrived at by Meek and Watson {loc, cit)y 
viz. that the colour is deeper the more electropositive the 
metal, was based on a very limited number of observations, 
and under somewhat different conditions from those of For- 
manek and Laubenthal. The absorption maxima for alizarin, 
etc., occupy the same positions whether the dyes are dis- 
solved in soda or potash, probably because the salts are 
completely ionised under these conditions. Different results 
might be obtained in alcoholic solution, so that this work is 
not necessarily in disagreement with the earlier work of 
Formanek and Laubenthal. 

Hantzsch's Theory of Chromo- Isomerism 

Hantzsch has offered a different explanation of the range 
of colours exhibited by diphenylvioluric acid and other poly- 
genetic acids when combined as salts with different metals, 
and at this point we may give a short account of his work on 
chromo’isomerism, as he termed this phenomenon. Since 
1907 he has shown that many coloured organic compounds 
can exist in several different coloured forms, e,g. he has 
isolated yellow, red, green and violet potassium salts of 
/-nitrophenylnitromethane ; yellow, red and green salts of 
4-oximino-i-phenyl-5-triazolonc — 

.N = N 
PhN^ 1 

^CO— C=NOH, 

orange and violet salts of aminoazobenzene, aminoazoben- 
zene sulphonic acid and dimethylaminoazobenzene sulphonic 
acid (Helianthin) ; red, violet and blue violurates; green and 
red modifications of azophenol ; yellow, red and greon modi- 
fications of azophenol salts and a large number of isomeric 
phenylacridonium and phenylmethylacridonium salts. It is 
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natural to suppose that differently coloured forms of the 
same substance, or, in other words, substances which have 
different colours but the same chemical deportment, may be 
polymers. The red and yellow forms of mercuric iodide are 
so explained. But* Hantzsch showed that many of the 
chromo-isomers which he studied had the same molecular 
weight, and the explanation of their different colours had to 
be sought in some other direction. It was possible to 
imagine different tautomeric forms for many, if not all, of 
these substances, e.g, for diphenylvioluric acid we can easily 
imagine the two forms XXIII and XXIV — 


NPh— C =0 

/ \ 

CO C=NOII 

\ / 

NPh~C =0 

(XXIII) 


NPh— C—OH 

/ \ 

CO C-NO 

\ / 

NPh~C --0 

(XXIY) 


Hantzsch regarded it as axiomatic that each form would 
have its characteristic absorption spectrum and colour — in 
other words, that there would be a definite absorption spec- 
trum corresponding with each modification of constitutional 
formula. And in some cases he was able to imagine or 
devise as many modifications of the constitutional formula 
as he had succeeded in isolating chromo>isomcric forms. But 
in other cases it was beyond the power of his imagination 
to devise sufficient fonnulai for all the different coloured 
forms. In these cases he assumed that there was a different 
colour corresponding with each formula, and the remaining 
coloured forms to which no separate formulae could be 
assigned were regarded as mixtures, mixed crystals in the 
case of crystalline solids, or solutions containing two or more 
forms if it was only a case of explaining colours in solution. 
In the case of the diphenylviolurates he could only imagine 
the two formulae already given, one nitroso-enolic and the 
other oximino-ketonic. To the one form he assigned an 
absorpti(»i band at frequency 1500, and to the other a band 
at 3800. Now the caesium salt in acetone solution has a 
band with its maximum at 1700, the lithium salt in acetone 
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has maximum absorption at 1950, and the same salt in ethyl 
acetate has maximum absorption at 3250. Other salts under 
various conditions have bands lying between 1 500 and 3800. 
If Hantzsch’s theory is correct, these bands at 1700, 1950, 
3250, and so on, are the resultants of^ bands at 1500 and 
3800. Now it is true that suitable bands at 1 500 and 3800 



Frequencies. 

Fic. 54. 

(Reproduced from Russell and Lapraik's paper, Chttn. Soc, Trans, ^ i88i, 39 , 
pp. 168 et seq., Plate.) 


can be compounded to give bands at these intermediate 
positions. Let A and B in Fig 54 represent the absorption 
curves of two substances which have maxima of absorption at 
I $00 and 3800 respectively. 

A solution containing these two substances 4 n equal 
amounts would have an absorption compounded of the two, 
and shown in the same figure by the curve C, which has maxi- 



CHEMICAL COmTJTUTION 97 

mum absorption at about 2800. A solution containing twice as 
much of A as of B would give a maximum nearer to 1500 as 
shown in Fig. 55, and it is obvious that by taking A and B in 
suitable proportions we could get maximum absorption at 
1700, 1950, and 3250*respectively. It is found that by faking 
A and B in the proportion 10 : 5, 10 : 8, and 8:10 this can be 



Frequencies. 
Fig. 55. 


done, and the resultant absorption curves are shown in 
Fig. 56. But it should be noted that this can only be done if 
the absorption bands are very broad, when the compounded 
absorption bands will also be very broad. If the absorption 
bands of the two fundamental substances are narrower, as in 
Fig. 57, ft will be seen that in whatever proportion the two 
substances are mixed we cannot get rid of maxima of 
absorption at 1500 and 3800. 

H 
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Now Hantzsch has recorded the absorption curves of the 
diphenylviolu rates, and we are able to compare them with 
the curves which have been compounded (Fig. 58). 

It is at once obvious that there is no^ resemblance between 



Fic. 56. 

Ai and Aj arc tw<» fundamental hands at frecjuencics 15CX) and 3800. 

(1) kcsultanl of A^ and A2 in tlic ratio of 10: 5. 

(2) ,, ,, ,, ,, lo:S. 

(3) n M „ ,, S : 10. 

(Keproduced from Meek and Watson's paper, Client. See. 'I'rans.y 1916, 109 , p, 552, Fig. 9.) 



Fig. 57. 
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the experimental and synthetic curves. The synthetic curves 
are very much broader, and the minimum of absorption at 
2400 is entirely absent. Yet it is impossible to get narrower 
absorption bands 1700, 1950 and 3250 by compounding 
any kind of bands at 1500 and 3800. In fact the experi- 
mental curves recorded by Ilantzsch render his hypothesis 
5-0 

4-5 
4 0 
3-6 
3*0 
2*5 
20 
1*6 
10 
O'f) 

600 1000 2000 .3000 4000 

* Frciiucucy. 

Fic. 58. 

(0 (3) (5) Ilantzsch’s curves for diphenyl violuric acid (/nr., 1910, 48, 666). 

(1) Cs salt in acetone solution. 

(3) Li salt in acetone .sr)Iulion. 

(5) Li salt in ethyl acetate solution. 

(2) (4) and (6) are curves coinpountled from the fundamental bands at [500 
and 3800, so that the maxima of the rcsult.inl curves correspond with those of 
Ilantzsch ’s three curves. 

(Keprcxiuced from Meek ;md Watson’s paper, Chew. .Soc. Trans., 1916 , 100, p. 553 , Fig. 10 .) 
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untenable. Such curves cannot be resolved into bands at 
15CX) and 3800. 

Effect of Multiplication of Auxochromes on 
Depth of Colour 

It haj already been mentioned several times that addi- 
tional auxochromes have a specially great effect on the depth 
of colour, and some examples have been given in a table in 

Chapter 1. 




100 


COLOUR IN RELATION TO 


At first sight it appears as though additional auxochromes 
have a much greater effect in some groups of dyes than in 
others, e.g. additional auxochromes are able to change the 
colour .from red to blue in the polyhydroxyanthraquinone 
series, and from yellow to blue in the phthaleVn series ; whilst 
in the hydroxybenzophenone and flavone groups we are 
unable to get beyond yellow or brown shades however many 
auxochromes are introduced. But, as the present writer 
has pointed out (Perkin and Watson, Chem. Soc, Trans, 
1915, 707, 198), this difference may be more apparent than 
real. A comparatively small shift of an absorption band in 
the green, yellow, or orange part of the spectrum produces 
a marked difference in the colour of the transmitted light ; 
whilst an equal shift of a band in the blue or violet part of 
the spectrum has very little effect on the colour as seen by the 
unaided eye. 

The relative position of the auxochromes has a very great 
effect on the colour, e.g, there are two isomeric hexahydroxy- 
anthraquinones, viz., Anthracene Blue WR and rufigallol, one 
one of which is blue and the other brown. 

The polyhydroxyanthraquinone group provides a very 
convenient illustration of the way in which the colour depends 
not only on the number of the auxochromes, but also on their 
positions in the molecule, and it is instructive to tabulate the 
available data for this group (pp. 102, 103). 

Several investigators have attempted to deduce rules as 
to the relation between the positions of the auxochromes and 
the colour developed in this group. The general impression 
is, that it is necessary to have at least two auxochromes in 
the < 7 r//w-position to one another, and also adjacent to a 
carboxyl group (as in alizarin), in order to get a deep 
colour developed. This impression has almost certainly come 
from Liebermann and Kostanecki’s work {Ber, 1885, /<?, 
2145), but is not justified, as a reference to the original paper 
will show. These investigators did not concern themselves 
with the colour of the polyhydroxyanthraquinones, but with 
their dyeing properties, i, e, with their power to affix them- 
selves to the oxides of aluminium, iron, chromium, or tin, on 
the textile fibres (as they are not direct, but mordant dyes). 



CHEMICAL CONSTITUTION 


101 


Gcorgievics {Monatsch, 1911,5^, 329 et seq) considered the 
colours of the lak^is, and came to the conclusion that a-hydr- 
oxyls tended to produce red and blue colours, whilst j?-hydr- 
oxyls tended to prijduce yellow or brown colours. But this 
generalisation needed some interpretation. In his own words: 
“ Hydroxyl groups in the a-position produce red and blue 
dyes, in the / 3 -position yellow and brown dyes ; however, an 
a-hydroxyl group may mask the effect of a /^-hydroxyl 
group, and vice versa. . . . The hydroxyanthraquinones, 
therefore, are divisible into two groups : one group . . . 
forming yellow and brown lakes, has a para-quinonoid struc- 
ture, for example, anthragallol . . . whilst the other group, 
which includes alizarin and its derivatives, forming red or 
blue lakes (except hystazarin, which occupies an intermediate 
position), has an ortho-quinonoid structure. ... In indi- 
vidual hydroxyanthraquinones the tendency to the produc- 
tion of one or other of the quinonoid forms may be such 
that one and the same dye may be ortho-quinonoid in some 
lakes and para-quinonoid in others.” 

The present writer, in conjunction with his colleague 
Prof. Meek, has criticised Gcorgievics’ generalisations and 
suggested others which seem to him more in harmony with 
the facts, and which seem applicable, not only to the poly- 
hydroxyanthraquinones, but to all groups of dyes (Meek and 
Watson, Chem. Soc. Trans. 1916, /op, 557 et seq.). 

“These generalisations seem open to criticism on the 
following grounds — 

(l) They do not explain why two hydroxyl groups at 
least are necessary to produce a red or a blue colour. It 
may be said that the monohydroxy-derivatives are not mor- 
dant dyes, and are therefore not included in the generalisa- 
tions about lakes. We have shown above, however, that 
there is a simple relationship between the colour of a dye 
in alkaline solution and on the various mordants, and 
conseq^ntly Gcorgievics’ generalisations should hold also 
for the colour of the alkaline solutions of the dyes. From 
his rules we might expect that i-hydroxyanthraquinonc 
would have a red or a blue colour, but, as a matter of fact, in 
alkaline solution it has an absorption band at A » 4960, and 



ie of dyeing I Shade of dyeing Shade of dyeing Coloor of Colour of 

on Tin. i <m Alum. oa Chrome. K or Na Salt. Ca Salt. 



1.3.8 trihydroxy^ . . . similar to alizarin, bat somewhat browner shades ‘ 

1 . 4.5 trihydroxy . • • • poor red | ■ poor red jdall greyish blue I 


1,2,3 is or 7) tctrahydroxy brownish | brown j brown I emerald gpreen 
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the colour of the solution is yellow. Alizarin (i:2-dihydr- 
oxyanthraquinone), according to his rules^ should have the 
blue colour due to the hydroxyl in the a-position partly 
masked by the yellow of the hydroxyl in ifche ^-position, but, 
as is well known, alizarin dissolves in potassium hydroxide 
with a bluish-violet colour. 

(2) They do not explain why i:4-dihydroxyanthraquinone 
should have a deeper colour than 1:5- or i:8-dihydroxyanthra- 
quinone. Quinizarin (i:4-dihydroxyanthraquinone) is blue 
in potassium hydroxide solution, and has a blue violet barium 
salt; anthrarufin (i:5-dihydroxyanthraquinone) is reddish 
violet in potassium hydroxide, and has a carmine red barium 
salt; chrysazin (i:8-dihydroxyanthraquinone) is yellow red 
in potassium hydroxide, and has a red barium salt. 

(3) They do not explain why alizarin should have as 
deep a colour as quinizarin. According to these rules the 
/ 5 -hydroxyl should have a prejudicial effect. 

(4) They do not explain why alizarin should have a 
much deeper colour than i:3-dihydroxyanthraquinone. 

(5) They do not explain the deep colour of 2:3-dihydr- 
oxyanthraquinone, namely, cornflower blue in potassium 
hj^roxide, red on alum mordant ; the calcium salt is violet, 
and the barium salt blue. 

These criticisms suggest a generalisation which seems 
much more in harmony with the facts than those of Georgie- 
vics, namely — 

(<i) Two hydroxyl groups in one benzene nucleus in the 
ortho- or para-position with respect to one another are neces- 
sary to produce a deep (red, violet, or blue) colour. 

( 3 ) The colour is still further deepened if both benzene 
nuclei contain pairs of hydroxyl groups in the 0- or /-position 
to one another. 

(c) Three hydroxyl groups in the 1:2:4- positions in one 

benzene nucleus produce a deeper colour than a pair of hydr- 
oxyl groups in the o- or /-position. ^ 

(d) Three hydroxyl groups in the 1:2 : 3-positions in one 
benzene nucleus produce a brown colour. 

The generalisations bear a marked resemblance to the 
rules put forward by KaufTmann (Kauflmann and Franck, 
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Ber,, 1906, jp, 2722), and are probably applicable to all 
groups of dyes, for example — 

{a) ^he hydroxy-derivatives of azobenzene dissolve in 
potassium hydroxide #vith the following colours : 

/-Hydroxy azobenzene . . . yellow. 

<?-hydroxyazobenzene . . . yellow. 

Benzeneazorcsorcinol . . orange. 

Benzeneazocatechol .... carmine. 

Benzeneazoquinol .... blue. 

Benzeneazopyrogallol . brick-red. 

{b) Fluorcscefn, quinolphthaleTn, and catecholphthalein 
dissolve in potassium hydroxide with a yellow colour ; hydr- 
oxyquinolphthalem gives a cherry-red, gallefn a blue, and 
phloroglucinolphthaleTn an orange under the same conditions, 
{c) In the pyranol system of dyes (prepared partly by 
Billow and partly by Watson and Sen) the effect of two 
hydroxyl groups in the ortho-position with respect to one 
another can be seen from the following comparison — 



The Iqps favourable effect, so far as depth of colour is 
concerned, of two hydroxyl groups in the ^/-position with 
respect to one another in the benzo-group can be seen by 
comparing the preceding with 
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Q O * 

\oH Crimson with potassium hydr- 
(4) I I J \—/ oxide, ^ives brownish orange 
\/\/ dyeings. 

HO C.Et • 


The extra hydroxyl group in the phenyl group cannot 
counterbalance the unfavourable effect of the meta-grouping 
in the benzo-nucleus. 

The same effect in the phenyl nucleus can be seen by 
comparing the last-mentioned dye with the following : — 


O. 


( 5 ) 


0 

YY 

\/\. 

HO C.Et 


/ 


_P^ 

^OH 


Violet with potassium hydr- 
oxide, mauve dyeings on alum, 
blue black dyeings on chrome. 



\/\/^ 
HO C.Et 


Blue with potassium hydr- 
oxide, violet dyeings on alum 
and chrome. 


O. 


( 7 ) 


O OH 

YYV< 

\/\/OH 

HO C.Me 


Crimson with potassium hydr- 
oxide, maroon on chrome. 


The following comparisons show the tendency of three 
hydroxyl groups in the 1:2 : 3-position to produce a brown 
colour. Compare (i) with — 


^ O OH OH 

YY^-C>“ 

\/\/ 

C.Me 


Brownish red with potassium 
hydroxide, dyeings are no 
deeper than those given by (i). 


and compare (2) with — 


( 9 ) 




HO O OH OH 



"\ 


OH 


s/V 

C.Me 


Violet red with% potassium 
hydroxide, dyeing on chrome 
is brown similar to that given 
by anthragallol. 
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The favourable effect of the <>-grouping in the benzo- 
nudeus is edipsed bj; the effect of the i : 2 : 3*grouping in 
the phenyl grpup. 

Compare (5) with-^ 


OH OH 


VW“)( 



OH 


/V 

HO CMe 


Dark red with p0tassium 
hydroxide.” 


At present no explanation or mechanical analogy is forth- 
coming as to why' the ortho-, para-, or 1.2.4 position of 
auxochromes should be specially favourable for the production 
of deep colour, whilst the meta-, 1.2.3 ^od 1.3.5 positions 
should be unfavourable. It was thought perhaps the ultra- 
violet absorption spectra of the di- and tri-hydroxybenzenes 
would show a similar difference, but this is not the case. 
(See. Figs. 25, 26 and 27, Chap. IV.) 

Mention has already been made of Kriiss’s observations 
on the colour and absorption spectra of amino-indigo and 
amino-alizarin, from which it appears that under some cir- 
cumstances additional auxochromes may lighten the colour 
instead of deepening it. We see a similar effect in the 
triphenyl methane group. Dyes of this group which have 
auxochromes in two only of the three benzene nuclei have 
deeper colours, and the band of least frequency is nearer the 
red end of the spectrum than in those dyes which have 
auxochromes in all three benzene nuclei, t.g. Doebner’s 
violet has a deeper colour than /-rosaniline, malachite green 
a deeper colour than hexamethyl-/-rosanilinc, 4 -.hydroxy- 
malachite green-— 

OH.C«H4.C(CeH4.NMe,) : :NUe^C\, 

3:4: dihydroxymalachitc green — 

(0H),C4H8. C(C 8 H 4 NMe,) : C 4 H 4 : NMcjCI, 

or 2:3:4: trihydroxymalachite green — 

(OH) 8 CeHj. C(CeH4NMe8) : C4H4 : NMe,Cl ; 
and benzaurin has a deeper colour than aurin. 
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Ghosh and Watson (Chem, Soc, Trans. 1917, ///, 821) have 
oflfercd the following explanation of this <j^ect : “It seems 
possible to explain this effect by means of the theory put 
forward by one of us (Watson andcMeek, ibid. 1915, /07, 
1567) as to the nature of the vibrations causing the colour 
of dyes. In Doebner*s violet, malachite green, and benzaurin 
the vibration passes backwards and forwards through two of 
the benzene nuclei. In pararosaniline, hexamethylpararos- 
aniline and aurin the vibratory pulse, after passing through 
one benzene nucleus, finds two paths open to it, as each of 
the remaining nuclei is now capable of vibration. We may 
find a mechanical analogy by comparing the transverse vibra- 
tions of a string with that of a system of three strings, each 
of half its length, tied together at one point and all under 
the same tension, so that they make equal angles with one 
another. Such a system will vibrate quicker than the simple 
string. In the same way, when all three nuclei of the 
triphenylmethane molecule are capable of vibrating, the 
period is less than when the vibration is confined to two of 
the nuclei.” 

Mention may be made here of Straus and Zeime’s 
discussion (Ber. 1913, 2267) of the colours of Michler*s 

hydrol (blue) and auramine (yellow) — 

(CH,),N ~\ ^N(CH,), 

Michler’s hydrol 
(CH,),N =<( 3 ^ ^ 

iIh, 

These investigators consider that the additional amino- 
group in auramine has so great a bathychromic effect that 
the blue of Michler’s hydrol has been changed to yellow “ of 
the second order.” But this view seems unnecessary. In 
the first place the amino-group in auramine «s not an 
auxochrome. We have no reason to regard hydroxyl, 
amino- or substituted amino-groups as auxochromes except 
when they are contained in aromatic nuclei, and dits amino- 
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grouj[> is not attached to the benzene nuclei but to the 
methane carbon atom. Its effect in lightening the colour is 
explained by the fad that the molecule is no longer per- 
manently quinonoid, lyt can now assume a non-quinonoid 
form, and is in fact very similar to the almost colourless 
Michlcr’s ketone — 


^ (CH,),N =<(_)>= 

_ nh, 

- (ch,),nh/ )n(CH,), 


NH 

Auramine 


-(CH,),N 





N(CH,), 


J>N(CH,). 


o 



CHAPTER VI 


THEORIES ON THE NATURE OF THE VIBRATIONS 
CAUSING ABSORPTION BANDS AND COLOUR 

Baly and Desch's Theory : Bands due to 
Dynamic Isomerism 

These investigators studied the absorption spectra under 
different conditions of ethyl acetoacetate, acetylacetone, 
benzoylacetone, ethyl benzoylacetate, ethylacetone dicarb- 
oxylate, ethyl oxalacetate, ethyl acetylsuccinate, ethyl di- 
acetylsuccinate, ethyl benzoylsuccinate, etc. {Chem. Soc, 
Trans, 1904, <^5, 1029 et seq,; 1905, 87, 766 et seq) In all 
these cases there is chemical evidence that the substance can 
exist in two tautomeric forms, the ketonic and the enolic — 

- CH2 - CO - - CH = C(OH) - 

In all cases the substances show a very definite absorption 
band in the presence of caustic soda or in the form of other 
metallic derivatives, such as the aluminium, glucinum and 
thorium compounds. In the presence of caustic soda the 
band is more pronounced the greater the proportion of 
alkali. Some of the substances show absorption bands in 
the free state and in alcoholic or aqueous solutions : e.g, 
acetylacetone, benzoylacetone, ethyl benzoylacetate and ethyl 
benzoyl succinate. The absorption bands of the free sub- 
stance and of its metallic derivatives occur in almost the 
same part of the spectrum, eg, acetylacetone itself has an 
absorption band of frequency about 3650 and its glucinum, 
aluminium and thorium compounds exhibit bands of fre- 
quencies 3470, 3500 and 3600 respectively; ethyl benzoyl- 
acetate has a band at 3500 and its aluminium and sodium 
compounds at 3500 and 3300 respectively. Baly and Desch 
no 
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first reported ihat ethyl acetoacetate in the free state shows 
no absorption band (Chem. Soc. Trans. 1904, <5*5, 1035. 
Fig. 3 (2)) ; but latqr examination (Stewart and Baly, ibid. 
1906, < 5 *p, 493) of thicker layers of solution showed that the 
absorption curve of aif alcoholic solution contains at any rate 
two points of inflexion, apparently indicating incipient bands 
at about 3400 and 4000. In the presence of sodium hydroxide 
the absorption band occurs at about 37CX). (The absorption 
curves of some of these substances have been reproduced 
in Figs. 18, 19, and 20.) 

At the time this investigation was qarried out it would 
probably have been most natural to assume that the ab- 
sorption bands exhibited were due to one or other of the 
tautomeric forms. And as acetylacctone had been shown 
by Sir W. Perkin {Chem. Soc. Trans. 1892, 61, 800), by 
means of magnetic rotation experiments, to contain about 
70 per cent, of the di-enolic form, whilst ethyl acetoacetate 
was known to be almost entirely ketonic in the free state, it 
would have been natural to consider the absorption band as 
a characteristic property of the enolic form and the metallic 
derivatives. But Baly and Desch examined also the absorp- 
tion spectrum of ethyl ) 3 -ethoxycrotonate in which the enolic 
form, so to speak, has been fixed by ethylation of the 
hydroxyl group, CII3 — C(OEt)*=CH.COOEt, and found no 
band, whereas one would have been expected if the arrange- 
- C = CH - 

ment i were the cause of it ; likewise ethyl 

ethoxy fumarate showed no band. They came, therefore, to 
the conclusion that the absorption band was not due to 
either of the isomerides, but, rather, to the. process of tauto- 
merism by which the two forms were continually changing, 
the one into the other. They state that alkalies have been 
shown by Lapworth and others to increase the velocity of 
change between such isomerides, that is to say, they 
increase the number of molecules in the state of change^ 
On the other hand hydrochloric acid is known to have 
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a restraining influence on such changes. It would follow, 
therefore, from Baly and Desch’s theory, that alkalies should 
make the absorption bands of these substances more pro- 
nounced, as we have seen to be the case. [On the other hand 
hydrochloric acid should render the b&nds less conspicuous. 
But they state “hydrochloric acid has no action on acetyl- 
acetone.”] 

It is important to note to what extent Baly and Desch 
permitted themselves to generalise on dynamic isomerism 
as the cause of absorption bands. To quote their own 
words ; “ It appears, therefore, that the simple dynamic iso- 
merism occurring in these compounds gives rise to absorption 
bands, and it is not too much to expect that, generally 
speaking, absorption bands in all spectra of this type are 
due to some such isomerism.” Again : “ Firstly, no organic 
substance shows an absorption band unless a possibility of 
tautomerism exists in the molecule. Secondly, this tauto- 
merism need not be due to a labile atom, but may be of 
the same order as that occurring in those aromatic substances 
containing the true benzenoid structure.” 

Apparently this theory has been abandoned by its 
authors. At any rate Desch is one of the authors of two 
papers on the absorption spectra of camphor derivatives 
(Lowry and Desch, C/iem. Soc, Trans. 1909, pj, 807 et seq,y 
1340 et seq. ; Lowry, Desch, and Southgate, tdtd. 1910, p7, 
899 et seq,), in which the conclusion is formed that sub- 
stances incapable of tautomerism can exhibit absorption 
bands. 

Baly has more recently put forward a theory that 
absorption bands in the visible and ultra-violet are due to 
overtones or summation- or difference-tones derived from 
fundamental slower vibrations causing bands in the infra-red 
part of the spectrum. So that, apparently, he also has 
abandoned this theory of dynamic isomerism as the cause 
of absorption bands in the visible and ultra-violet. 

The arguments brought against this theory are: (1) that 
some substances incapable of undergoing tautomeric change 
show absorption bands; (2) that some substances which 
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arc* known to be a mixture of tautomeric forms do not 
exhibit absorption bands. ' 

aa>Dibromcamphor and aa>brommethylcamphor have 
been given as instances of substances which are incapable 
of tautomerism and yet exhibit absorption bands. To the 
present writer, however, it seems that tautomerism of these 
substances is conceivable, thus — 


CH,- 


-CH 

i 


— C . Bfo 


CHo- 


|(CH3)2 

-C(CH8)— CO 



There is a good deal of evidence that the crystalline 
form of a substance corresponds to the form of the molecule, 
and that the form of the molecule can be ascertained by 
packing together the atoms contained in it {Barlow-Pope 
TJteory). This would seem to indicate that the atoms in 
a molecule of a crystalline substance have definite fixed 
positions. The examination of crystals by the X-rays also 
apparently gives us an insight into the arrangement of 
atoms in the molecules of crystalline substances and indicates 
that they have definite fixed arrangements. This would 
appear to exclude the possibility of tautomerism in crystal- 
line substances, and would exclude tautomerism as an 
explanation of the colour of coloured crystalline substances. 

Ethyl acetoacetate is generally cited as a mixture of 
two tautomeric forms which exhibits no absorption band. 
But, as already mentioned, in a later paper Stewart and 
Baly showed that this substance does give indications of 
an absorption band (or bands). Moreover the amount of the 
enolic form in this substance in the free state is very small 
— only a few per cents. 

Lowry and Desch {loc, cit.) studied carefully the case of 
nitrocamphor, a substance which exists in two tautomeric 
forms which can be isolated. The equilibrium between the 
two forms in various solvents can be studied very exactly 
by measuring the optical rotation, as the two forms have 



114 COLOUR IN RELATION fO> 

different rotations. By altering the solvent tt is possible to 
vary at will the velocity of tautomeric change, to accelerate 
or retard it, or to stop it altogether. New according to the 
theory under discussion the prominence of the absorption 
band is proportional to the velocity of change between the 
isomerides, so that it should have been possible in this 
case to make the band prominent or insignificant at will. 
However, in spite of the wide range of velocities no great 
alteration was seen in the absorption curve which showed 
under all conditions a “ step-out t.e. a point of inflexion, but 
no band. It was concluded that the tautomeric change did 
not cause a band. 

It may be argued that in this case the absorption band 
lies beyond the range of the ordinary quartz spectroscope, 
which absorbs all rays beyond a certain frequency. 

Since this work was published, our knowledge of the 
tautomerism of ethyl acetoacetate and similar substances has 
been considerably extended — for example, by the isolation of 
the tautomeric forms in pure condition (Knorr, Rothe and 
Averbeck, Ber, 1911, ii3vS, 2767); and it seems to the 
present writer that it would be well worth while to investi- 
gate this matter somewhat further, e.^. by examining the 
absorption spectra of the pure isomerides of acetylacetone, 
benzoylacetone, ethyl benzoylacetate and ethyl benzoylsuc- 
cinate. Obviously if the theory is true the pure isomerides 
shguld show no absorption bands. Again, the dialkyl deriva- 
tives of these substances, as, e.^, ethyl diethylbenzoylacetate, 
CHj.COC(CjIi5)2COOC2H5, should show no absorption bands, 
as the possibility of tautomerism has been removed. 

Stewart and Baly’s Theory of IsorrOpesis as a 
Cause of Selective Absorption. (Stewart and 
Baly, cit.) 

Shortly after the publication of the theory above men- 
tioned it was recognised that some substances^ exhibited 
absorption bands, although there was no evidence that they 
could exist in tautomeric forms, e.£^. acetone and other 
simple fatty ketones such as methyl ethyl ketone, methyl 
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pyopyl ketone, methyl wpropyl ketone, etc. It is, however, 
easy to imagine a tautomeric change in these substances, 
for example — 

CH3 - C CHg - C = CHg 

II —>• 1 

O OH 


And, in fact, it is now generally considered that such pro- 
cesses as bromination are due to the addition of bromine 
at the double bond of the enolic form with the subsequent 
removal of water — 

CHg - C - CHg CHg - C « CHg CH3 ~ CBr - CHaBr 

O OH i)H 

-> CHj - CO - CHjBr 

SO that at the present time chemists would find no difficulty 
in admitting the possibility of tautomerism in acetone, etc. 

But it was also recognised that other substances exhibited 
absorption bands, for which there seemed no possibility of 
tautomerism in the ordinary sense, i,e. tautomerism involving 
the migration of a hydrogen atom, ethyl pyruvate, 
CH|CO.COOEt, diacetyl, CH3CO.COCH3, benzene and 
benzoquinone. 

Stewart and Baly observed that there seemed to be some 
soh of connection between chemical reactivity and selective 
absorption, e.g, those ketones which reacted most readily 
with sodium bisulphite showed the strongest absorption 
bands. Proceeding on the idea that nascent substances are 
frequently more reactive than the same substances in the 
ordinary condition, they were able to imagine molecular 
rearrangements of the above-mentioned substances, which 
would have the effect of presenting the ketonic groups in 
the nascent condition. But without introducing this idea 
of a connection between chemical reactivity and selective 
absorption we may simply notice that Stewart and Baly 
pointed out that for all these substances it was possible to 
imagine a vibration between two forms in which the valencies 
were differently arranged ; for example — 
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Such molecular rearrangement, not involving the migration 
of a hydrogen atom, was termed ” Isorropesis ” by these 
investigators, and they advanced the theory that this kind 
of dynamic isomerism was also capable of producing selective 
absorption. 

In criticism of this theory it may be noted that acetic 
acid and ethyl acetate show no signs of selective absorption 
(Hartley and Huntington, Phil. Trans, L (1879) 257; 
Schonn, Wied Ann, 6 (new series) 1879, 267), whilst it is as 
easy to imagine tautomcrism in this case as in acetone, viz. — 

CH, - C ~ OEt CH„ = C - OEt 

II I 

O OH 

Stewart and Baly would probably have argued that this 
tautomerism does not occur, since ethyl acetate does not 
react with sodium bisulphite. But at the present time 
chemists postulate such a change in order to e^tplain the 
bromination of this ester, in the same way as has been 
explained in the case of acetone. 

Pursuing this idea of dynamic isomerism as a cause of 
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absorption bands, Baly'and Collie {Ckem. Soc, Trans, 190$, 
^ 7 * 1335) claimec^ that they could account for the seven 
bands of benzene. As their reasoning is not clear to the 
present writer thcJI^ own words are quoted : “ In the light 
of the work on the aliphatic tautomeric compounds it is 
only possible for us to establish all the possible phases of 
linking change and to attribute a band to each. Now, in 
considering all this possible making and breaking of links, 
we are justified in assuming that an even number of carbon 
atoms is concerned in each individual process. The process 
in the aliphatic compounds, on being reduced to its simplest 
terms, consists of at least two separate items, namely, the 
make and break between the two carbon atoms and that 
between the carbon and the oxygen atoms, thus — 

-CH.C- and -CH:C- 
H il H (!)• 


the stars being attached to those atoms which are undergoing 
the linking change. 

“In applying this to benzene we may, therefore, differ- 
entiate between the transition phases in which any pair of 
the carbon atoms, or any four, or all of the six, are concerned. 
The various transition phases may, therefore, be represented 
as follows — 



( 6 ) 



it% coLom 

the stars again being attached to those carbon acorns wiiich 
are concerned in the process. ^ 

“These seven forms represent all the possible conditions 
of making and breaking the linkings whfth can occur, and at 
the same time they are so different in character as to justify 
the" view that each of them is the origin of a separate 
absorption band.” 

The subject was further explained by Baly, Edwards, and 
Stewart 1906, Sp, 524). Again the explanation is not 
clear to the present writer but is quoted — 

“ Now in order to bring the seven phases into existence it 
is necessary to assume the displacement of the carbon atoms 
of the ring, and we can do this in the simplest way possible, 
that is to say, by the ordinary vibration as is accepted by any 
elastic ring. Thus we may say that the benzene ring is 
pulsating between the two displaced forms a and 

I 

C 

6 c/^,C 2 

I i 

5 3 

C 

4 
a 

“Each carbon has residual affinity, and consequently in 
the condition represented in «, when the atoms 2 and 6 and 
the atoms 3 and 5 are brought close together, these residual 
affinities will produce linkings as shown by the dotted lines. 
The atoms i and 4, however, are far removed from one an- 
other and from the other atoms, and are, therefore, unsatur- 
ated. On the other hand, when the ring has passed into the 
other phase, b, then the three atoms 2, i and 6 come very close 
to the three atoms 3, 4 and 5 respectively, and linking may be 
considered to be formed between these pairs of atoms. The 
linkings existing in phases a and b are shown fot greatei 
convenience on the ordinary hexagons in a* and b\ As the 
ring is pulsating between the forms a and many of the 
seven phases of linking change described above will be 
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obtained. For example, let us consider the ring to have 
reached the form ^ ; as it starts opening, the first break will 
occur between the atoms i and 4, followed by the breaking of 
the two ortho-linkiftgs 2 : 3 and 5 ; 6. When the ring passes 
through the half-way stage, that is, the circular form, then we* 
shall have the centric formula, with the result that phase No. 7 
is produced. We can in this way account for phases i, 2, 3, 
6 and 7 ; Nos. 4 and 5 can readily be understood if the 
motions described above are slightly interfered with by col- 
lisions between adjacent molecules.” 


Theory that the Vibrations causing the Absorp- 
tion Bands of Dyes and Coloured Substances 
are those of the Parent Substances modified 
and rendered less raitd by the introduction 
OF Chromophores and Auxociiromes 

This theory has been held or used as a working hypothesis 
by most workers on the relation between colour and constitu- 
tion. It was, perhaps, first advanced by Hartley, when he 
published the absorption curves of some triphenylmethane 
and azo-dyes (Qm. Soc. Trans. 1887, j/, 154 et seq,). He 
said : “ On carefully comparing the curves of the rosanilinc 
series of dyes, triphenylmethane and benzene, it is seen 
that they are modifications of the benzene curve; but the 
closeness of the relationship of the triphenylmethane curve 
to the dyes is much greater than that of the benzene series, 
and the curves of the three dyes arc modified in such a 
manner that they follow each other closely. The modifi- 
cation is such that the molecules of greatest mass transmit 
least light ; and the light is composed of rays vibrating with 
least rapidity, thus indicating a greater amplitude and less 
rapidity of vibration of the molecule. The same remark 
applies to the diazo-colours. They all present curves which 
are modifications of the azo-benzene curve.” 

We have already described how Baly regarded the 
absorption bands of benzene as due to a complex series of 
** isorropcses,” and claimed to deduce from his “ isorropcsis ** 
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theory that there would be seven — and only seven — ^benzene 
absorption bands. He then went on to study the absorption 
spectra of some simple mono- and di-denvatives of benzene. 
Some of these have several narrow bandB in almost exactly 
the same places as benzene bands ; in others there are only 
one or two of these narrow bands left ; and, finally, in nitro- 
benzene they all vanish and the absorption spectrum consists 
of one broad band (or, to be more exact, the absorption curve 
is inflected indicating such a band), covering the part of the 
spectrum occupied by the benzene bands and extending 
beyond it. He came to the conclusion that, in most cases, the 
absorption bands were due to the vibrations of the benzene 
ring more or less modified by the presence of the attached 
groups : the modification being greatest in the case of nitro- 
benzene, where, he supposed, the making and breaking of the 
linkings between the carbon atoms had ceased. [But he 
regarded the absorption bands of the mono- and di*hydric 
phenols and the aminophcnols as due to another cause, viz. 
ordinary tautomerism.] Baly and Tuck (Ckem. Soc, Trans, 
1906, 8 p, 982) came to the conclusion that the absorption of 
azobenzene was due to modified vibrations of the benzene 
nuclei. T uck {ibid. 1907, p/, 449 et seq. ; 1 909, pj, 1 809 et seq.) 
then examined the absorption spectra of some simple azo-dyes, 
and considered that their vibrations were modifications of the 
azobenzene vibration in the same way as those of the simple 
derivatives of benzene were modifications of the benzene 
vibrations — “the colour band of azobenzene was modified 
by substituting groups in a similar manner to the effect pro- 
duced by the same groups on the absorption spectrum of 
benzene.” Later on Tuck was impressed by the fact that the 
absorption curves of /-aminoazobenzene and the sodium salt 
of /-hydroxyazobenzenc were practically identical, that those 
of aniline and sodium phenoxide were also practically iden- 
tical and that the addition of sodium ethoxide shifted the 
absorption bands of phenol and /-hydroxyazobenjfbne for- 
ward towards the red end of the spectrum in the same way. 
“ This,” he says, ” renders it probable that the bands of amino- 
azobenzene and the sodium salt of benzeneazophenial are 
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merely those of aniline and sodium phenoxide respectively 
shifted into the visible region by conjugation with the un- 
saturated group . N ; fr . 

Meyer and Fischey (Ber. 1913, 46, 70 et seq,\ after an ex- 
amination of the absorption curves of some triphenylmethane 
dyes, came to the conclusion : Vielmehr bestatigt sich die 
Hartleysche Theorie, nach welcher der eigentliche Farbtrager 
stets der Benzolkern ist. Die Chromophore verschieben die 
absorption aus dem kurzwclligen in den langwelligenTeil des 
Spektrums und die Auxochromen Gruppen verstarken und 
unterstiitzen— entsprechend ihrem Namen'— diese Wirkung 
dcr Chromophore.” 

This theory has been criticised by Watson and Meek 
(Chem. Soc, Trans, 1915, /07, 1573-4) as follows — 

” Until recently, the general view as to the relation between 
constitution and absorption spectra seemed to be that the ab- 
sorption bands of dyes were those of the parent substances, 
moved towards the red end of the spectrum by the introduc- 
tion of chromophores into the molecule, and strengthened, 
and probably also moved towards the red, by auxochromes 
(Hartley, Trans. 1887, 5/, 154; Tuck, Trans. 1907, p/, 449; 
1909, p5, 1809; Meyer and Fischer, Ber. 1913, 46^ 82). It 
was left rather indefinite as to what should be considered 
the parent substance of any particular dye; for example, 
in the case of the triphenylmethane dyes, either fuchsone 
or triphenylmethane or benzene might equally well be re- 
garded as the parent substance. Tuck, in the course of his 
investigation on hydroxyazo dyes, at one time recognised the 
band of hydroxyazobenzene as that of phenol moved towards 
the red by the influence of the benzencazo-group, and at 
another time regarded it as that of azobenzene shifted by the 
hydroxyl group. It scarcely seems possible for it to be both. 
Take, again, the anthraquinone dyes. If benzene is regarded 
as the parent substance they should all have seven bands, or 
if anthrat^uinone is taken as the parent they would all be 
expected to have the bands of that substance. Anthraquinone 
itself has two or three bands according to the solvent in 
which k is examined (Baly and Stewart T., 1906, 51 1 ; 
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Meyer and Fischer, Ber, 1913, 4.6^ 89), and there are hydr- 
oxy-derivatives which in some circumstances show only one, 
others which show two, three and fofir bands (Meyer and 
Fischer, loc, cit pp. 74 et seq.), so thatijt requires the liveliest 
imagination to recognise the bands of any derivative as those 
of the parent substance. Even in cases in which there is a 
superficial resemblance between the absorption curves of 
two substances, for example, fuchsonimonium chloride and 
Doebner’s violet (Meyer and Fischer loc. cit.\ the resemblance 
isonly superficial. The different bands are not shifted to the 
same extent nor do they retain the same relative intensity. 
Analysis of the curves given by Meyer and Fischer shows the 
following — 
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Concentrations at which bands! 
first appear | 

! (i) 700 ! 80 ! 8*7 

1 (2) 5000 ; 400 I 12-5 

j (3) 800 , 450 1 1-5 


It is, therefore, difficult to see how the bands of one substance 
tan be identified with those of the other.” 


Watson and Meek’s Theory 

In the chapter on the relation between constitution and 
depth of colour, an account was given of some work leading 
to the conclusion that, cateris paribus^ the depth of colour or 
the period of the principal absorption band is proportional 
to the length of conjugate chain reversed during tautomeric 
change. This naturally led to the theory that this reversal 
of the conjugate chain is the vibration causing the principal 
absorption band and the characteristic colour {Chem, Soc, 
Trans. 1915, loy, 1567 et seq.}— 

“ The change from one quinonoid form to another involves 
^e changing of places of double and single bonds all along 
the chain of conjugate double and single bonds. A pulse, 
something like that which is seen when a goods train is 
shunting, passes in one direction along the conjugate chain 
as the substance changes from one form to another, and back 
again as fhe reverse change takes place. It is suggested that 
this pulse is the vibration which causes the colour of dyes. 
It is a somewhat pe<;uliar kind of vibration. When the sub- 
stanch in the ionised condition, as is always the case under 
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the conditions which develop the deepest and most intense 
colour of dyes — for example, in aqueous dilute acid solution 
of basic dyes or aqueous dilute alkaline lolution of acid dyes — 
there is no vibration of the atoms of the molecule, but only 
a rhythmic rearrangement of the strains in the molecule. 
Even when the substance is not ionised, the only atom which 
must necessarily move is the hydrogen atom concerned in 
the tautomerism. (It seems quite possible that this rhythmic 
rearrangement of strains might be going on in a molecule 
without the tautomerism ever actually being achieved, some- 
what as the engine of a motor-car may be working but unable 
to set the car in motion.) When the mass vibrating is small, 
we have the conditions under which forced vibrations can be 
set up. Now one of the most striking features of the absorp- 
tion bands of dyes is their breadth and indefiniteness, suggest- 
ing forced vibrations. One of us is pointing out elsewhere 
that the absorption bands of dyes are frequently asymmetrical, 
and that this would be expected in the case of forced 
vibrations. 

“ In a shunting goods train, the time taken for a pulse to 
pass down the train is proportional to the number of wagons, 
provided the wagons arc all of the same kind and equally 
loaded. From analogy we predicted that in very similar 
molecules the period of the principal vibration causing colour 
would be proportional to the length of the conjugate chain.” 
The experiments confirming this prediction have already been 
described in Chapter V. 

It will be noted that this theory is an extension of Baly’s 
theory of isomeric change as the cause of selective absorption. 
We have already examined the arguments brought forward 
against it. It may be noted that by this theory a rough 
calculation can be made as to the position which we should 
expect the absorption band of ethyl acetoacetate to occupy. 
When a conjugate chain containing five double bonds is 
reversed, as in Michler’s hydrol, the maximum df the ab- 
sorption band has a wave-length of about 6ocxd. In the 
tautomerism of ethyl acetoacetate there is reversal of a 
conjugate chain containing two double bonds, so we should 
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expict the absorption band to have a wave-length of approxi- 
mately j X 6000 2400. The absorption band lies about 

X 2400 — 2500, 

Lowry and Desch have shown that the dynamic iso- 
merism of nitrocamphor in acid solution does not produce 
any observable absorption band. 
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But in this case the tautomcrism only involves a chain of 
one double and one single bond, and, according to this theory, 
the oscillation from one form to the other would be so rapid 
(roughly X 1200) that the corresponding absorption band 
would He quite outside the range of the quartz spectroscope. 

But the theory will not account for the blue cofour of the 
tertiary nitroso-fatty compounds which contain no reversible 
conjugate chain. 


Theory that Absorption Bands are due to the 
Vibrations of Electrons, u e. Negatively 
Charged Particles of only about toW™ of 
THE Mass of the Hydrogen Atom 

An account of this theory will be found in Campbcirs 
“Modern Electrical Theory” {Camb. Untv, PresSy 1913). 
Apparently the first calculation as to the number and mass 
of the electrically charged particles causing refraction and 
absorption was made by Drude. Other calculations are given 
in the following papers : — Erfle, Ann, d, Phys. 24.^ 672, 1907 ; 
Koenisberger and Kilchling, ibid. 28, 889, 1909; 32^ 843, 
1910. 

It is difficult to find a non-mathematical account of this 
theory. 43 ut its claims are put forward sufficiently clearly by 
Campbell {loc. cit. pp. 31 5 and 316) : “ To the first class belong 
the lines which give to many artificial dyes their intense 
colour. ... In the first class it is found ... the absorption 
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band Represents the natural frequency of one electron in 'the 
molecule.” " It must be remembered—for the point is usually 
ignored by chemists — that in all cas^s which have been 
investigated the intense absorption bands which cause the 
colour of dyes represent the vibrations of electrons, and not 
of entire atoms or groups of atoms.” 

The electro-magnetic theory of light is generally accepted. 
According to this theory, light waves are waves of electro- 
magnetic disturbance. The refraction and absorption of light 
can only be explained on any wave-theory as due to the 
presence of vibrating particles in the refracting and absorbing 
medium, and the electro-magnetic wave-theory requires these 
particles to be electrically charged. 

If we know for any medium the values of the refractive 
index for light of different wave-lengths — and this can be 
determined experimentally — we can calculate the number per 
unit volume of the electrically charged particles causing the 
refraction, also their mass and their period of vibration ; to 
be more correct we can calculate their period of vibration 

and the value of the expression where p is the number of 

particles per molecule, e the electrical charge carried by an 
atom, and m the mass of the particles. 

By making certain assumptions we can deduce from the 
electro-magnetic theory that — 

«* •= B, 4- 

wl:\pre n is the refractive index for light of wave-length 
X and >l„ is the wave-length corresponding to the frequency 
of the vibrating particles causing the refraction, and — 






where N„ is the number per unit volume of the vibrating 
particles causing the refraction — 

# is the charge carried by an atom ; 

is the mass of the vibrating particles ; 
c is the velocity of light. 



can be calculated when the refractive index ibr light of 
different wave-lengths has been determined. 

Now — , 


where p is the number *of particles per molecule, and N' is the 
number of molecules per unit volume. 

The number of molecules per unit volume can be deter- 
mined from the density and molecular weight, the mass of a 
hydrogen atom being known — 


N' 


d 


where d = density of the substance ; 

W = molecular weight ; 

vit, a=3 mass of a hydrogen atom » 2 894 x I0‘ ; 

where t is the electrical charge carried by a hydrogen atom ; 

we have — 

W -- 

m ” A,* ^ d ^ 2 894 X 10'* 

From this expression we can calculate the number, mass; 
etc,, of the electrified particles causing refraction. 

If we take into account the absorption as well as the 
refraction of light by a medium, the following expression can 
also be deduced from the electro-magnetic theory (again, by 
making certain assumptions and approximations) — 


where — 

n « refractive index for light of frequency v ; 

K = coefficient of absorption for light of refractive index n 
^ =a a constant representing the frictional force acting on 
the vibrating particles. 

Other terms as before. 

So that we can calculate^ also from the refractive index 

• ^ 

of light in the region of absorption, the coefficient of absorp- 
tion, and the other quantities as before. 

According to Campbell {loc, c//.), it has been found that 
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for the absorption bands of some artificial dyes^ has a Value 

fft 

agreeing with the assumption that the s^bsorption band is due 
to only one vibrating particle per molecule, this particle 
having the usual mass and electric Aiarge of an electron. 
It is on the strength of this result that Campbell says : ** It 
must be remembered — for the point is usually ignored by 
chemists — that in all cases which have been investigated the 
intense absorption bands which cause the colour of dyes 
represent the vibrations of electrons, and not of entire atoms 
or groups of atoms " 

It would be of considerable interest to the chemist, or to 
any one studying the relation between colour and constitu- 
tion, if it were definitely proved that each absorption band is 
due to one, and only one, vibrating electron. But as a matter 
of fact the above-mentioned conclusion was arrived at from 
the study of a very small number of dyes, and Meek (Chem, 
Soc, Trans. 1917, ///, 984) has recently shown that for 
some absorption bands of the polyhydroxyanthraquinones 

the value is several times as great as for others. 
tn 


Substance. 

Relative values of ni\pe for elementary 
bands. 

Alizarin 

Quinizarin . 

Purpurin . 
Anthrogallol 

Band No. I. 

7 

1 

2 

4 

Baud No. a. 

I 

I 

1 

2 

B.'rnd No. 3. 

3 


It may also be pointed out that this conclusion, viz. that 
the absorption bands of some dyes are due to the vibrations 
of a limited number of electrons, does not prevent the accept- 
ance of a theory postulating tautomeric change as the cause 
of absorption bands. Take, for example, the case of Michler’s 
hydrol, which exhibits a deep blue colour in dilute acid 
solution. In such a solution the hydrochloride wil] no doubt 
be completely ionised. According to Watson and Meek*s 
theory, the colour is due to an oscillatory interchange of 
double and single bonds along the conjugate chain — 
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If we suppose that a bond between two atoms indicates 
that an electron from one of the atoms has passed into the 
other, then this breaking of five double bonds and formation 
of five new double bonds involves the movement of five 
electrons. As the substance is ionised, it is unnecessary to 
assume the movement of any atom. 

Most dyes exhibit their deepest and strongest colour when 
ionised, e.g. acid dyes in dilute alkaline solution and basic 
dyes in dilute acid solution, and when the substance is 
ionised tautomerism does not involve the oscillation of any 
atom backwards and forwards from one part of the molecule 
to another. It is equally obvious that Baly's theory of 
isorropesis does not involve the vibration of atoms. 

In the same paragraph in which Campbell states that it 
has been found the absorption bands of dyes are due to one 
vibrating electron he says : “ It is found that absorption bands 
(of solids and liquids at least) can be divided into two classes y 
first, narrow absorption lines in which the absorption is very 
intense and accompanied by metallic reflection of the light 
* absorbed ' ; second, much broader absorption bands in which 
the absorption is much less intense and unaccompanied by 
any special reflection. To the first class belong the lines 
which give to many artificial dyes their intense colour; to 
the second the bands to which the colour of such substances 
as copper sulphate is due, In the first class it is found that 
the value of p for the molecule is about i ; the absorption 
band represents the natural frequency of one electron in the 
molecule. In the second class pe\m turns out to be of the 
order of lo^^, instead of lo^, so that if we regard the vibrating 
system as an electron, there can only be one electron 

K 


H 
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concerned in about looo molecules. On the other hand, 
if we regard the vibrating system as an atom, we should 
oftein have to suppose that the atom carded a charge of more 
than 100^.” 

The present writer is unaware to what extent the absorp- ’ 
tion bands of dyes and coloured organic substances have been 
examined for metallic reflexion of the light absorbed. But 
certainly there are no dyes which give absorption bands fine 
enough to be called lines, and many of the bands are very 
broad. There would seem to be no difficulty about supposing 
that such broad absorption bands may be due to the oscilla- 
tion of hydrogen atoms, which are the atoms usually supposed 
to oscillate in tautomeric change, and which have a mass 
about 2000 times that of the electrons. With / = i, and e 

having the usual value, would then have a value of the 
m 

order of lo^®. 

But in the opinion of the present writer the weakest part 
about this development of the electro-magnetic theory is 
that it does not account in any way for the great breadth 
and indefiniteness of absorption bands in general. We arc 
acquainted with sharp line spectra, as, e.g. flame and arc 
spectra, and also we know some substances which exhibit 
a large number of very narrow absorption bands when their 
vapours are examined under reduced pressure, e.g, benzene 
and benzoquinone. Presumably these lines and very narrow 
bands are due to electronic vibrations. And if the ordinary 
broad absorption bands arc also due to the vibration of a 
strictly limited number of electrons, in what way do these 
electrons differ from those which cause the lines or narrow 
bands ? One of the equations given involves a constant 
which represents the frictional force acting on the vibrating 
particles. But why are the vibrating particles causing the 
broad absorption bands of dyes opposed by frictional forces 
of such a very different magnitude from those acting (on other 
vibrating electrons ? There is good reason to believe that the 
ordinary absorption bands of organic substances are really 
composed of a large number of fine bands which are not 
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resolved under ordinary conditions. This seems to be quite 
incompatible with the view that these ordinary bands are 
due to the vibratidh of one or a strictly limited number of 
electrons. 


Baly's Theory, according to which the Absorption 
Bands in the Visible and Ultra-violet Parts 
OF THE Spectrum can be calculated from those 
IN THE Infra-red 

By an application of the “ quantum ” theory (Phil, Mag, 
1914, 27, 632 it seg.) Baly came to the conclusion that the 
frequencies of the absorption bands of a substance might be 
simple integral multiples of a fundamental frequency. Thus 
if n were the fundamental frequency, the substance might 
exhibit absorption bands corresponding to frequencies 
«, 2«, 3«, 4«, etc. 

He showed that in a few cases where a substance exhibited 
three bands (absorption or fluorescence bands) there was the 
same difference between the frequencies of the first and 
second as between those of the second and third. 



First : Secot>d 
AI)sorptioii ! Absorption 
Band. Band. 

Fluor- 

escence 

Band. 

Differences. 

I. 11 . 

tf-Aminocinnamic Acid 
S-Naphthylamine 

Benzaldehyde (in strong 1 1,804) 
Benzaldehyde (in alcohol) . 

3600 j 2800 
3C00 3000 
3400 I 2174 
4070 ; 3470 

2000 

2400 

800 800 
600 1 600 

2 X 613 

600 


He regards the benzaldehyde band with frequency of 3400 
in strong sulphuric acid as being the same band as that with 
frequency 3470 in alcohol, the difference of frequency being 
due to the solvents. 

In the case of benzene and /-xylene the frequencies of the 
centres of the groups of absorption, fluorescence, phosphor- 
escence and cathodo-luminescence bands can be represented 
as integral multiples of the frequency of an infra-red band 
(Phil, Mag. 1915, 223 €t 
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Btmtne 

Infra-red ... 405 (Coblentz 2 *49/^1) 

Phosphorescence . . 6 x 4oy^ 

Fluorescence . . . 9 X 405 * 

Absorption . . . 10 x 405 

p-Xylene 

Infra-red ... — 

Cathodo-luminesccnce . 8 x 257 

Phosphorescence . 10 x 256 

Fluorescence . . . 14 x 258 * 

Absorption . . . 15 x 258 

* 14 and 13 respectively are added to the frequencies of the centres of the 
fluorescence bands. This is considered justifiable, because the fluorescence bands 
were observed in alcoholic solution. 

Bjerrum {Nernst Festschrift, 1912, p. 90) had pointed out 
that if the atoms in a molecule are vibrating with a charac- 
teristic frequency producing an absorption line or band in the 
infra-red, we ought to observe additional bands on each side 
of this due to the compounding of the rotation of the mole- 
cule with the characteristic vibration. If v is the characteristic 
frequency and the frequency of rotation of the molecule 
we might expect bands of frequencies v -f v, and v — r,. And 
according to the quantum theory the rotational frequencies 
must have well-defined values given by the formula — 

hn 

where I is the moment of inertia, 
h a constant, 
n a whole number. 

If we represent these successive values as v„ 2v„ etc., 
then we might expect bands of frequencies, v + v„ v + 2v„ 
V + S^r, etc., V — V — 2v„ V — p,, etc. 

Fraulein von Bahr found evidence of such a symmetrical 
larrangexnent about the absorption band of water-vapour at 
6*26^ (Phil, Mag. 1914, 28, 71). And Eucken {DzutStk Pkys^ 
Ges. Verh. XV. p. 1159 (1913), found still better agreement on 
the assumption of the water-molecule possessing two degrees 

freedom. 
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Baly tiibught tM this theory would also explain the 
symmetrical groups of absorption bands exhibited by benxene 
and other substandilss, such as toluene, xylene and naphthalene, 
in the ultra-violet, asid the similar groups of fluorescence bands 
in the visible part of the spectrum. If v, Vj, r,, v^» etc., are 
the frequencies of infra-red bands he suggested that there 
should be absorption and fluoresence bands of frequencies 
nv ± yj, «y ± ^21 ± etc. He found that the observed 

values agreed with this assumption. 

In the case of absorption in the ultra-violet he studied, not 
the absorption bands of the substances in the liquid form or 
in solution or in the state of vapour under ordinary pressure, 
but the groups of very fine absorption bands (or lines) exhibited 
by these substances in the form of vapour under reduced 
pressure (see Chapter IV). These fine absorption bands, or 
lines, were first observed by Pauer ( IVteei. Ann. 1897, 6 r, 363- 
379), and those of benzene were carefully measured by Hartley 
(P/ti/. Trans. 1908, A. 208, 520), who came to the conclusion 
that the ordinary broad bands were produced by the fusion 
of these finer bands. To quote Hartley’s own words : A 
solution band is thus seen to be the aggregate effect of the 
absorption of rays caused by a group of vapour bands, which 
is modified by the greater density and consequently greater 
dispersion of the liquid in which the substance is dissolved, 
and it is shifted towards the red in accordance with Kundt’s 
rule. The slightly different positions of the four vapour 
spectra, their similarity in constitution and the manner in 
which they overlap, afford an explanation of the reason for the 
spectrum of benzene being composed of six principal groups 
of vapour bands and six corresponding solution bands.” 

But, apparently, the groups of absorption lines arc 
somewhat more symmetrically arranged than the ordinary 
absorption bands. Thus in the case of benzene Hartlej^ 
found ten groups, each with a well-marked head. Baly saw 
that th# arrangement of these groups about the centre could 
be calculated from the frequencies of observed infra-red 
bands in the manner above indicated. In the following table, 
are given the wave-lengths of the heads of these ten bands 
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recorded by Hartley, In the second column the correspond- 
ing frequencies are given ; in the third column the frequency 
differences between each line and the central line ; and in the 
fourth the means between the two valuqs where such exist. 
The values of ijv^ or the wave-lengths of the infra-red bands 
are given in the fifth column, whilst in the last column are 
to be found the wave-lengths of the absorption bands as 
measured by Qoh\tv)Xi{Publication 5 of the Carnegie Institution^ 
Washington, No. 35 (1905). 


kin 

Angstroms. 

■A 


Mean 

Infra-red Bands. 

C'alculated. 

Observed. 

2670 

3745 

310 



3‘23 m 

3‘25M 

2630 

3 toa 

253 

249 

408 


2590 

3861 

194 

— 

5-15 

— 

2523 

3963 

92 

925 1 

io'8i 

1078 : 

2466 

4055 

0 

— 


— 

2411 

4148 

93 

92 s 

io‘8i 

10 78 

2360 

4237 

182 


5-50 

5*41 

233s 

4282 

227 

— 

440 

4*40 

2326 

4299 

244 

249 

4‘o8 

— 

2279 

4388 

333 


300 



The fluorescence bands of benzene in alcoholic solution 
(Dickson, Zeit. wiss. Phot, X. p. 166, 1912) could be calculated 
from the infra-red bands in the same way. 


A in 

Angstroms. 

'A 

. 

Infra-red Bands. 

Calculated. 

Observed. 

2910 

3436 

195(194) 

5-15 



2827 ! 

3537 

94(92) 

io*8i 

10-78 

2754 

3631 

0 

— 

— 

2679 

3733 

102(101-5) 

9-85 ' 

975 

2635 

3795 

164(160) 

6-23 

6-20 

2599 

3848 

217(208) 

4 ' 8 o 

490 


Baly now found that he could calculate not only the 
positions of the groups of lines, but even the positioifi of the 
fine lines themselves, by the application of this same principle. 
Coblentz had observed sixteen infra-red absorption bands of 
benzene between the limits 3*0 and 15^: Baly found that each 
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one of these (except that at 3*23/*) gave a pair of ultra-violet 
lines. In this way the positions of 29 ultra-violet absorption 
lines were calculated. 












Infra-red Bands. 

A in 

Angstroms. 

■A 

»'x 

Mean v,. 

— 






Culciitated. 

Observed. 

2670 

3745 

310 



3 - 23 M 

3 ‘ 25 M 

2612 

3828 

227 

228 

438 

4*40 

2600 

3847 

208 

208 

4 *So 

4-90 

2^82 

3873 

182 

182 

5-50 • 

5*41 

2567 

3895 

160 

160 

623 

6-20 

2560 

3907 

148 

148 

675 

67s 

2553 

39*7 

*38 

*38 

7-25 

722 

2546 

3928 

127 

127 

7-85 

7-80 

2538 

3940 

1*5 

115 

867 

8-67 

2529 

3954 

lOI 

loi'S 

985 

9-78 

2527 

3958 

97 

97 

10-30 

10-30 

2523 

3963 

92 

92-5 

io-8i 

10-78 

25^9 

3970 

85 

85 

ir8o 

ir8o 

2516 

3974 

81 

81 

12-30 

12-45 

2514 ‘ 

3978 

77 

77 

12-95 

12-95 

2466 

4055 

0 

— 

— 

— 

2420 

4*32 

77 

77 

* 2*95 

12-95 

2417 

4136 

81 

81 

12-30 

12-45 

2416 

4140 

85 

85 

11-80 

ir8o 

2411 

4148 

93 

92‘5 

10-81 

10-78 

2409 

4*52 

97 

97 

10-30 

10*30 

2406 

4*57 

102 

*01*5 

0*85 

978 

2398 

4170 

**5 

**S 

8 -f >7 

8*67 

2391 

4182 

127 

127 

785 

7*8o 

238s 

4*93 

*38 

*.^8 

7*25 

7-22 

2379 

4203 

148 

148 

6*75 

675 

2373 

42*5 

160 

160 

6-23 

6-20 

2360 

4237 

182 

182 

5 ' 5 o 

5-41 

2346 

4263 

208 

208 

4-80 

4-90 

2334 

4284 

229 

228 

4-38 

4*40 


But Hartley had recorded at least 3CX) ultra-violet absorp- 
tion lines for benzene. It was interesting to see whether a 
further extension of the theory, which had been so siuccessful 
in accounting for 31 of these lines, could be made to account 
for all the lines recorded (Baly, Phil. Mag.^ 1915,^0, 510, et 
seq.). It has already been mentioned that the arrangement 
of infra-red maxima of absorption about the band at 6*26|U in 
the cas? of water-vapour was in accordance with Bjerrum’s 
theory, and Baly tried to find a similar connection between 
the observed infra-red bands of benzene. He came to the 
conclusion that all the infra-red bands could be calculated 
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from four numbers, which he terms basis constants. These 
numbers are 37, 4*0, 7*6, and 10*125, and the frequencies of 
the infra-j;ed bands are either integral tmultiples of these 
constants or the products of two of these tonstants. It seems 
to the present writer that the relationship detccted^by Baly is 
not exactly in accordance with Bjerrum’s theory ; also that 
the detection of the basis constants required a gefod deal of 
imagination. For this reason the original paper is quoted to 
show how these basis constants were arrived at : — 

“ Now Eucken showed that the infra-red absorption bands 
of water-vapour of longer wave-length than about lOfi can 
be expressed by the Bjerrum formula ; that is to say, their 
frequencies form consecutive multiples of two constants (he 
having assumed two degrees of freedom) which, if wave-length 
reciprocals be used, are 578 and 2*5 respectively. Eucken, 
however, entirely failed to explain the very remarkable varia- 
tions in the relative intensities of the infra-red absorption 
bands of water. He only extended his second series to lO'Ofi 
and offered no explanation of the extraordinary intensity of 
the great absorption bands of 6 0/1, 3/4, 2/U and rS/4. ' The 
whole essence of Bjerrum’s theory is that the frequencies of. 
the centres of the infra-red bands are consecutive multiples of 
a fundamental constant or basis.” [It seems to the present 
writer that at this stage Baly drops the constant representing 
the natural frequency of the atoms in the molecule and con- 
siders only the term due to the rotational frequency of the 
molecule.] “ His theory in no way accounts for the fact that 
certain select multiples of the constants give rise to absorption 
bands which are far more intense than the neighbouring 
multiples on each side. On the other hand, if there are two 
constants or bases, then there must exist a convergence- 
frequency of the two, as it were, which is the least common 
multiple of the two bases. It is to be expected that such a 
frequency would necessarily be especially active since it is 
keyed with both series. 1 suggest, therefore, that this is the 
reason why an infra-red absorption band is especially pro- 
nounced in intensity, namely, that its frequency is either an 
even multiple of the two bases which are active, or that it is 
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the least common multiple of the two bases. If this principle 
be accepted, it seems entirely to solve the difficulty .connected 
with the intensity o# the absorption bands, and mjlkes the 
calculation of the valifts of the bases a simple matter/’ 

Benzene may be taken as the first example, and in the 
case of this substance there are twenty absorption bands 
recorded by Coblentz between the limits i/i and These 
vary very much between themselves in intensity, and the 
most pronounced bands are at 978, 675, 3*25, 2*48, 2*18 and 
r 6 Sfi. Now if the wave-numbers [reciprocals of the wave- 
lengths — must be multiplied by 3 x 10® to convert into true 
oscillation frequencies] of all the infra-red benzene bands be 
considered, it will at once be seen that they are nearly all 
multiples of 4, and indeed it appeared at first sight as if they all 
could be expressed with very fair accuracy as multiples of 4. 
This, however, gives no explanation of the remarkable in- 
tensity differences in the bands, and, further, all the consecu- 
tive multiples of 4 do not appear as bands, even between lOjw 
and 13^, where perhaps they might be expected to evidence 
themselves. The two most characteristic and outstanding 
bands are those at 3*26/1 and 6*7 5/i, and the wave-numbers of 
these are almost exactly 308 and 148, and on the least com- 
mon multiple principle these may be looked upon as the least 
common multiples of 4 and 7*6 and of 4 and 3*7 respectively. 
On this view, therefore, we have three basis constants of 
benzene, namely, 3*7, 4*0, and 7*6, which explain the two 
most characteristic bands of benzene. Other combinations 
of these basis constants can be made as follows ; 24 x 
w 46 X 4 =»i 84, which is the wave-number corresponding to 
X 3B 5*43/1, a value exceedingly close to 5*5 at which Coblentz 
found a strong band. Again, we have 60 x 7*6 » 115 x 4' 
« 460, which is the wave number of A » 2*174/* clearly 
corresponds to Coblcntz’s measurement of 2*18/*. Further, 
2 X 148 (the wave-number of A =3 6 75) = 296 corresponding 
to 3*37/*, which in all probability is hidden in the great band 
at 3*26/* ; 3 X 148 *= 444 corresponds to 2*25/*, which is 
hidden in the great band at 2*18/1, but 4 x 148 33 592, which 
corresponds to A = 1*68/*, the value obtained by Coblentz. 
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These three basis constants therefore explain all the important 
infra-red bands of benzene except those at A = 978 and 
X = 2*48/^, the remainder being exhibit^ either at the lowest 
common multiple of two of the basis constants, or some 
multiple of it, or at some frequency which is a multiple of 
two of the constants. As regards the band at A = 2‘48/i, it is 
somewhat remarkable that the narrow absorption lines com- 
posing the ultra-violet band group of benzene can all be 
arranged symmetrically round the wave-number 4050 as 
centre. This number is 10 x 405, which latter is very near 
the reciprocal of 2*48/^. Now no combination of the above 
three basis constants gives a number near this value ; and 
since this value appears to be a fundamental one for benzene 
it is in all probability due to there being a fourth basis con- 
stant, 10*125. The lowest common multiple of 4 and 10*125, 
which is 405, gives a wave-length of 2‘47/(, which is exceed- 
ingly near to Coblentz’s value of 2*48/^. We are, therefore, left 
with the band at A = 9‘78/i, which, however, does not seem to 
be a specially characteristic band of benzene in spite of its 
intensity, since it does not evidence itself with any definite- 
ness in benzene derivatives. It is most probable that this 
band and the remainder of less intensity are due to multiples 
of the basis constants which happen to fall near together 
with the result that their effectiveness as absorbers is en- 
hanced. Thus 10 X 10*125 gives A = 9*88 and 28 X 3*7 
a«9*65/i, and the mean of these is 9*76//.” 

According to Baly’s extension of Bjerrum’s theory, all the 
absorption lines of benzene in the ultra-violet can be calculated 
from — 

4050 ± « X 37 » 4050 ± « X 4 * 0 , 4050 ± « X 7*6, and 
4050 ±nx 10125. 

Baly calculated the wave-lengths of the absorption lines 
of benzene from the above formulie, and there are about 600 
between the limits experimentally observed by Hartley. 

The following table gives the results for the firs^ few lines 
on both sides of the central line, together with the values 
observed by Hartley and by Grebe {ZeiL wiss. Phot, IX. 

p, 130(1911)). 
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Ulira-violet Absorption Band of Benzene, 
Ki — 37 > K, = 4*0, K, = 7*6, K4 =« 10*125. 



Baly considers that there is very good agreement between 
the observed and calculated values. Hartley only records 
about 3dd lines, whilst Baly calculates about 60a Baly 
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observes that it is obvious from Hartley's paper that more 
lines exist than those he definitely gives. 

Baly also calculated the basis constants for phenol and 
aniline, and from these constants tlfe wave-lengths of the 
absorption lines of these substances in the ultra-violet With 
regard to phenol he observes, " the number of lines calculated 
is so large that the agreement between these and the observed 
values might be criticised as being no better than the theory 
of probability would give.” With regard to aniline, the 
agreement between observed and calculated values is stated 
to be very good. 

Miss Lowater having measured with very great accuracy 
the wave-lengths of the absorption lines in a part of the ultra- 
violet spectrum of sulphur dioxide gas at low pressure {Astro- 
physical Journal, ji, p. 311, 1910), Baly took the opportunity 
of submitting his theory to a severe test by calculating these 
lines by means of his theory and comparing the calculated 
values with those determined experimentally by Miss Lowater. 
He decided that there were three basis constants for sulphur 
dioxide, viz., 273, 4-32 and 8*177. 

The central line for the group of absorption lines examined 
by Miss Lowater is 33751*6=. 350 x 2*73 x 4*32 x 8*177. 

The heads of the sub-groups are given by — 

33751-6 ±/ X 273 X 8-177 
and the lines in any sub-group are given by — 
c±nx TJi, 

where c is the frequency of the central line of the sub-groups. 

From Miss Lowater’s observations it was ascertained that 
there were seven sub-groups on the less refrangible side of ' 
the central sub-group and 1 3 on the more refrangible side. In 
each sids-group there were 44 lines on the less refrangible side 
of the Sntre and 37 on the more refrangible side. 

Baly, therefore, decided on the formula — 

(350x273 X 4 32 X8 i 77 )+(^X 2 73X8 i77)-t^«X2'?|7, 
whereas — 7, — 6, . . . . o . . . . + 12, + 13 

and -44, -43 o . . . . + 36. + 3;. 

from which to calculate the absorption lines. 



CHBMICAL CONSTITUTION 141 

Ke calculated 1722 lines as against 586 observed by Miss 
Lowater, but remarks that no doubt more lines would be 
observed by a still further improvement of experimental 
conditions. The agre^ent between the observed and calcu- 
lated values is stated to be exceedingly good. The differ- 
ence in the wave-numbers of any two consecutive lines in the 
spectrum is 273, and this is not much more than twice Miss 
Lowater’s maximum experimental error, and therefore the 
difference between any observed line and the nearest calcu- 
lated line cannot be m'uch greater than the maximum 
experimental error. But the agreement between the ob- 
served and calculated values is stated to be on the average 
much better than this, and is considered to give great support 
to the formula. 

It is noted that the interval between any consecutive pair 
of observed lines is never less than that calculated from the 
theory. 

These views on the connection between absorption bands 
in the infra-red and those in the visible and ultra-violet parts 
of the spectrum are intimately connected with ideas advanced 
by Baly on what he terms the opening-up of the electric 
force fields of molecules. The idea was first suggested by 
,^sorae observations made in conjunction with Miss Marsden 
on the absorption spectra of amino-aldehydes and amino- 
ketones {C/tem. Soc, Trans. 1908,^^,2108). When an alcoholic 
sbludon of such a substance is treated with a small quantity 
•f acid (less than a molecular equivalent) a new absorption 
band of greater wave-length is developed which causes the 
^solution to become yellow. The addition of more acid forms 
the ordinary salt, which has almost the same absorption 
spectrum as the original amino-aldehyde or ketone, and the 
yellow colour disappears. The position of the nM band 
formed on the addition of a small quantity of acidris the 
9a|^ ai. that of the fluorescence band of the amino-alde- 
h$^^fe or kftone. Following up this idea, Baly and Rice 
{CMm, Soc, Trans. 1912, /o/, 1475 ef seq.) found that o- and 
/-nitroanisole in sulphuric solution showed bands of greater 
V^pye-lengtb than those exhibited in alcoholic solution, and 
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that these bands disappeared when the substances became 
sulphonated. Nitroquinol dimethylether, anisole, resorcinol 
dimethylether and quinol dimethylethtr behaved in a similar 
way, and in the cases of anisole, r^orcinol dimethylether 
and 'quinol dimethylether the bands of greater wave-length 
exhibited in sulphuric acid solution occupied more or 
less the same positions as the fluorescence bands of these 
substances. 

The same observers {Chem, Soc, Trans. 1913, /oj, 2085 
et seq.) found that trinitrobenzene exhibits in alcoholic 
sodium ethoxide solution two bands of greater wave-length 
in addition to that shown in alcoholic solution ; in dimethyl 
aniline solution also two less refrangible bands, one having 
the same wave-length as the least refrangible band in sodium 
ethoxide solution, and the other being still less refrangible. 
In a mixture of benzene and anthracene it shows a band of 
wave-length intermediate between the two least refrangible 
bands in sodium ethoxide solution. Trinitro-anisole and 
picric acid showed similar behaviour. 

The absorption maxima of the bands developed are given 
in the table— 



4 

3 

2 

I 

Trinitrobenzenc 

600 

515 

430 

— MM 

Trinitroanisole . 

— 

5*0 

410 

360 /i /4 

Picric acid 

— 

5*6 

408 

359 MM 


The frequency difference between successive bands is 
approximately the same. , 

In a risumi of the subject (Baly, Jour. Soc. Dyers and 
Colourists^ 1915, pp. 39 et seq^ two further examples are 
given of constant frequency difference between successive 
absorption bands, viz., ^-naphthol methyl ether shows three 
absorption bands in alcoholic solution, and also two fluorescent 
maxima. The values of the frequencies (i/X) for these five 
bands are 2395, 2717, 3044, 3697, and 4350, of which the 
first two are the fluorescence bands. The differences between 
consecutive frequencies are very nearly either 327 or 2 x 327. 
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Again phenol in alcoholic solution exhibits two absorption 
bands iii the ultra-violet region, and in the presence of 
sodium hydroxide it also exhibits two absorption bands, 
which, however, are fearer to the red. The frequency 
difference between these four bands is about 160 units. 

Baly’s interpretation of these phenomena is that any 
molecule of a substance in the free state is the centre of a 
closed field due to the condensing together of the force lines 
arising from the free affinities of the individual atoms within 
the molecules. These condensed fields may be unlocked or 
opened by their interpenetration by the force lines arising 
from the residual affinity of the molecules of a second 
substance when the two are mixed. By the residual affinity 
is meant the balance of free affinity after the maximum 
possible condensation has taken place. 

It follows from the general conception that the opening- 
up process will be carried out in stages. Baly considers 
it follows from Planck’s quantum theory that there will be 
a constant frequency difference between the absorption bands 
corresponding to successive stages in the opening-up process. 

Later he was led to detect a relation between this constant 
frequency difference and the frequency of a band in the 
infra-red, the frequencies of all the bands in the visible and 
ultra-violet being integral multiples of the frequency of the 
vibration causing the infra-red band. 

It is rather difficult to criticise this mass of interwoven 
theories. It must be freely acknowledged, in the first place, 
that Baly has been able to calculate in a marvellous manner 
the wave-lengths, or frequencies, of the large number of fine 
absorption lines exhibited by benzene, sulphur dioxide, etc. 

But the theory, or group of theories, has become so 
elaborate that Baly has now ample expedients at his disposal 
to account for a band in any position for any substance. 
All the observed bands can be easily accounted for and as 
many more as may subsequently be discovered. This is to 
some extent due to our ignorance of the infra-red absorption 
spectra of the majority of organic substances. 

However, Baly appears to consider the simplest part of 
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h/s theory sufficient to account for all ofdmaiy .absorption 
bands (as distinguished from the finer bands obseiVed in 
vapours under reduced pressure). He lays great stress on the 
constant Jrequency difference betweeijf successive absorption 
bands which he has observed for so many substances. In 
one of his papers (PM. Mag. 1916, j/, p. 425) he claims : 
*'The existence of these constant differences has now been 
proved for so many compounds, that the relationship may 
finally be accepted as absolute.” This means that he is 
content to assert that the frequencies of all the ordinary 
absorption bands of any substance are integral multiples 
of the frequency of one infra-red band. The later develop- 
ments of his theory would allow him to call to his aid 
two or more infra-red bands, but apparently he regards 
one as in all cases sufficient. He may be attacked on the 
position which he has himself taken up. He has committed 
himself to the view that the absorption maxima of the various 
salts of diphenylvioluric acid examined by Hantzsch corre- 
spond to different stages in the opening-up of the force-field 
of this substance (Jour. Soc. Dyers and Colourists^ lot cit). 
Consequently there must be the usual constant frequency 
difference between them. The polygenetic dyes, such as the 
polyhydroxyanthraquinones, are very similar to diphenyl- 
violuric acid, and we may try the application of Baly’s 
theory to these, e.g. to alizarin. Meyer and Fischer recorded 
the positions of absorption bands in sulphuric acid and in 
alkali. (Baly might apply some correction to these bands 
on account of the solvents in which they were observed, but 
he has given no rules as to the magnitude of these correc- 
tions, and from his examples it appears that they are too 
small to affect the present argument.) Watson and Meek 
(Chem. Soc. Trans. 1915, loj, 1574-6) tried to calculate 
the fundamental frequency from these figures, and also to 
what integral multiples the observed bands corresponded 
(figures are ijX in the usual units divided by io)-o- 

(Expt.) 160' 162 lio 193 200 303 312 372 376 385' 

(Cafe.) z62 189 202 310 . 378 

(Calc.) 13*5 X i» 13-5 X 14 13 5 X 15 13*5 X 23 13-5 X 23 



.m 

A fundamental frequency*; of about 7*4/* would satisfy 
requirements, but we have to regard one of the absorption 
t^nds a^ the 28th multiple of this fundamental frequency. 
It would seem natur^ to expect, if binds in the visible and 
ultra-violet are harmonics or overtones of fundamental fre- 
quencies in the infra-red, that the simpler multiples, 2, 5, 4, 
etc, would be much more prominent than the higher multiples. 
Yet even in the cases interpreted by Baly himself the simpler 
multiples are rarely observed. The various benzene bands 
are regarded as the 6th, 9th, and loth multiples of the 
fundamental frequency, whilst for /-xylene he has to go as 
high as the 1 5th multiple. Here we have to go further still- 
up to the 28th multiple. 

Watson and Meek (Chem. Soc. Trans. 1916, /op, 556) sub- 
sequently considered the alizarin bands observed in alcoholic 
solution and in dyeings on chrome, alum and tin mordants, 
and found that these did not correspond to any integral 
multiples of the fundamental frequency 135. To include 
them in the series it was necessary to halve the fundamental 
frequency and regard one of the absorption bands as the 57th 
multiple. 

(Expt.) 16CH162 180 192-193 198-200 213 

(Calc.) 162 1 75 '5 189 19575 209-25 

(Calc.) 675x24 675x26 6-75x28 675x29 6-75x31 

(Expt.) 223 303 312 372 376 385 

(Calc.) 22275 3037s 3 * 0 'S 371 '25 378 ^ 38475 

(Calc.) 6-75x33 6-75x45 6-75x46 6-75x55 6-75x56 6-75x57 

And there can be no doubt that if other salts were 
examined, such as the calcium, strontium and barium ssdts, 
additional maxima would be obtained, and this would involve 
still further reduction of the fundamental frequency with 
corresponding increase of the integral multiples. To the 
mind of the present writer this would be a reductio ad 
absurdum. The fundamental frequency would become so low 
as to be^out of the ordinary field of observation, and the 
integral multiples would rise to enormous figures. Moreover, 
there are very distinct limits to the accuracy obtainable in 
determining the positions of absorption maxima owing to the 
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indeHniteness of the bands, and if the fundamental frequency 
were taken any lower than 67‘5 the experimental error in 
determining the position of any absorption band would he 
greater than the distance between sucepsive multiples of the 
fundamental frequency, and consequently a band in any 
position whatever might claim to fit into the series. 

But even if Baly’s theory were established it would lead to 
no conclusions as to the relation between chemical constitution 
and colour. We have already mentioned that the theory, or 
theories, could account for an absorption band in any position 
whatever for any substance. As a matter of fact any par- 
ticular substance exhibits a very limited number of absorp- 
tion bands under any particular conditions, and we want 
to be able to calculate the positions of these bands from the 
constitutional formula of the substance. Baly would say, 
for example, that the shade of dyeing obtained with alizarin 
on alum mordant corresponds to a particular stage in the 
opening-up of the force-field of alizarin, and this corresponds 
to the 29th multiple of a fundamental frequency of 67*5. It 
is possible that the fundamental frequency of 67*5 might be 
referred to some radicle in the alizarin molecule, but there is 
no explanation whatever as to why this particular infra-red 
yibration, rather than any of the others executed by alizarin, 
should be t/ie one to give harmonics or overtones. Still less 
is there any explanation as to why the 29th multiple, rather 
than the 28th or 30th or ;;/th or wth multiple should be called 
up when the alizarin is fixed on alum mordant. 

Before it could be of any use in explaining the colours of 
substances under definite conditions, or predicting the colours 
of substances which miglit be synthesised, it would be 
necessary to know (i) the relation between constitution and 
positions of the absorption bands in the infra-red ; (2) which 
bands in the infra-red would have correlated bands in the 
visible and ultra-violet ; (3) which integral multiples of the 
frequency of the infra-red band would represent the bands 
which appear under certain conditions, e.^. why in the case of 
/-xylene we have 257x8, 257 x 10, 257 x 14, and 257x15, but 
not 257 multiplied by 5, 6, 7, 9, ii, 12 or 13; and why the 
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multiple 8 should be prominent for . cathodo-luminescence« 
10 for phosphorescence, 14 for fluorescence and 15 for 
absorption. 

Molecu^r Aggregation may have an Influence 
ON THE Colour of Organic Substances 

We are well acquainted with the idea that the state of 
aggregation may have an influence on the colour of a sub- 
stance. The red and yellow varieties of mercuric iodide are 
generally considered as different polymeric forms. The red 
and black modifications of mercuric sulphide are similarly 
explained. The different colours exhibited by colloidal silver 
solutions are considered to be due to the scattering of light 
by the molecular aggregates which are large enough to be 
detected in the ultra-microscopc. 

The colours exhibited by most organic dye-stuffs and 
coloured compounds under ordinary conditions cannot be 
regarded as due to scattering of light by the particles, since 
most of them show normal molecular weight in solution. 
But in a comparatively few cases the colour is probably 
influenced by the state of molecular aggregation. Vogel 
[BerL Mon. Ber. 1878, 409-431) pointed out that some dye- 
stuffs in the solid state have quite different absorption spectra 
from those exhibited by their solutions. The present writer 
has observed that the alkali salts of alizarin and other poly- 
hydroxyanthraquinones show little selective absorption in 
the solid state. Hantzsch {Ber. 1909, ^2, 68) has shown that 
the colour of N-methylphcnylacridonium iodide is influenced 
by the state of molecular aggregation. In aqueous solution 
it is monomolecular and yellow, whilst in chloroform it is 
trimolecular and brown. Piccard {Ann. 1911, 35 1 seq.) 

has shown that Wurster’s salts can be obtained in two 
ntodifleations which he terms a- and /?-. The series of a- 
compouneft shows the well-known deepening of colour from 
yellow to orange, red, violet and blue by progressive methyl- 
ation. The P- modifications show deeper colours and quite 
different absorption spectra (Fig. 60). 




Fig. 6o. 

Absorption spectra of the meri-quinone diimonium salts. 

(Reproduced from Piccard's paper, 1911, 881 , p. 354.) 

This is explained as due to the state of molecula 
aggregation. 








CHAPTER VII 


INFRA-RED ABSORPTION SPECTRA OF ORGANIC 
SUBSTANCES 

PROBABLY no justification is needed for including in this 
volume a short account of the infra-red absorption spectra of 
organic substances. It has been already pointed out that It 
would be unwise to confine our attention exclusively to the 
visible spectrum in our attempts to find out relations between 
colour and constitution, and to discover the nature of the 
vibrations responsible for visible colour ; and in the preceding 
chapters reference has frequently been made to the ultra-violet 
absorption of dye-stuffs and the substances of which they ntjiy 
be regarded as derivatives. It would appear only logical to 
pay some attention also to the infra-red spectra of these 
substances. Some account has already been given of Baly's 
theory, according to which absorption bands in the visible and 
ultra-violet are connected with fundamental vibrations in the 
infra-red, and it would be impossible properly to estimate the 
value of this theory without some idea of the general nature 
of the absorption of infra-red rays by organic substances. 

It may, however, be said at once that the infra-red absorp- 
tion spectra of dye-stuffs and their parent substances are 
as yet unexplored, and the same may be said of coloured 
organic compounds in general. Attention has been devoted 
up to the present to simpler substances, such as water, 
ammonia, hydrochloric acid, carbon monoxide, carbon di- 
oxide, nitrous oxide, hydrocarbons, alcohols, phenols, amines, 
simple acids, esters, etc. Some essential oils and a number 
of alkaloids seem to be the only complicated organic 
compounds which have been examined. 

" The fact which Stands out most prominently is that nearly 
149 
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all the substances which havi^ been examined exhibit seledife 
absorption in the infra-red, and most substances, evea^^the 
simplest, show a large number of absorption bands. . 14 > we 
reflect that the ultra-violet portion of tile spectrum to which 
attention has hitherto been directed extends from about 
0*25 to 0*45/1, ^^d the visible from 0*45 to 0*75/1, whilst the 
infra-red spectrum can already be examined up to 350/*, we 
feel somewhat as a geologist might who, having hitherto con- 
fined himself to the British Isles, suddenly obtained access to 
the rest of the globe, and was made aware of the relative pro- 
portions of the old and new areas for investigation ; or as an 
astronomer who had hitherto confined himself to the solar 
system, when his attention was first directed to other 
heavenly bodies. As already mentioned, wc have no data for 
comparing the infra-red spectra of dye-stuffs and coloured 
compounds with those of simple substances, such as water, 
the hydrocarbons, alcohol, etc. ; and under the circumstances 
it Would be obviously very unwise to form any opinion as to 
the help we are likely to get from the infra-red region for our 
studies on visible colour. But at first sight the fact that so 
many simple substances exhibit a wealth of detail in their 
infra-red spectra, and no bands in the visible and ultra-violet, 
would seem to indicate that there is no very obvious connec- 
tion between the new and old fields of investigation. 

'^The first study of absorption spectra of organic substances 
in the infra-red was made by Abney and Festing {Phil. Trans, 
1881, 772, III, 887-918). The region investigated was from 
0*78 to 1*2/1 — a very small region compared with the field 
which is now open for examination. But the examination, 
even of this restricted area, revealed a wealth of detail in the 
lipcctra of most substances, including the simplest, such as the 
fatty alcohols, aldehydes and acids, alkyl halides, etc. Fig. 61 
shows the spectra in this region of some of these substances. 

Abney and Festing put forward a view, with reference to 
the bands they observed, which has been [adopted (b^ all sub- 
sequent workers in the infra-red regions and held to apply 
to bands in the much wider fields examined by them : viz.,thafr^ 
characteristic organic radicles have corresponding character-^ 











istic absorp^on bands. They considered that 
lines) ^primarily due to hydrogen cbmbfned 
compoundi such as carbon tetrachloride and carlx^n dSnlphide'^ 
show no bands in this region. They regarded the bands (or 
lines) in the region ro to r as characteristic of the"* radicles, 
whilst those occurring between 07 and vofi were regarded as 
depending on the arrangement of the molecule. jA very 
characteristic group of bands between ro and vift will be 
found in the spectra of propyl-, pseudobutyl-, and amyl^ 
alcohols, also in methyl-, ethyl-, propyl-, amyl-, and hexyl- 
iodides, ethyl and amyl bromides, diethyl ether and amyl 
nitrite. These might be regarded as characteristic of the 
CH3 group were it not for the fact that they do not all occur 
in methyl alcohol, acetaldehyde, acetief acid, ethyl nitrate, 
ethyl sulphide, amyl ether, or dimethylaniline.. Benzene, 
phenyl bromide, arid benzyl chloride show another character- 
istic group of bands in this region ; but this group has 
disappeared from the spectra of aniline, dimethylaniline, 
nitrobenzene, phenylpropyl alcohol, benzyl ethyl ether, and 
ethyl benzoate. 

Julius {Arck, Ncerland, 1888, 22, 310-383; Verhand, k, 
Akad. V. Amsterdam, 1892, /, 1, 1-49) extendid the 

field of observation, and concluded that all<yl radicles gave 
bands at o*8 to 0*9/^ and at 3*45/r. 

Donath ( Wied, Ann. 1896,5*^’, 619-661) found that uranin, 
eosin, fluorescelfn, aesculin and chlorophyll showed no absorp- 
tion from 07 to 27/i, apparently disproving the idea of any 
absorption in this region due essentially to the benzene 
nucleus or correlated with colour or fluorescence, 

Fuccianti {Nuovo Cim^ 1900 (4) //, 241-278) found a 
band at 171/1 in thirteen compounds in which hydrogen was 
connected with carbon; he considered bands at 2*18 and 
2*49/« characteristic of benzene and benzene derivatives ; and 
a band at 2'i/i characteristic of alcohols, 

Ikl^Vound that all the substances examined exhibited a 
band at 3*24 to 3'44/i. {Ueber das ultrarothe Absorption- 
spectrum einiger organischer FlUssigkeiten^ Dissert, Berlin, 1903. . 
Liitcke und Wulff, Hamburg). 
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Col^entz has more recently made an ekumioatioh of 
infra-red absorption spectra up to isjn {Astrophys, Jour. 
1904, io, 207 it seq ; Publications of the Carnegie Institution^ 

9 


Thymol, 

^OJh 


CM 


Oansacnol, 



BoDSireQe, 

am 


Aoliol, 

CMOdh 


Toluien*, 

amw. 


iJaraXylenOf 

am(cnz)i 



AaiBne, 

CMMUf 


EiodUnv 

amN(m} 




Fig. 62. 

(R«p(odttCod frooi Coblentx't ptiper, 1904, M, {». no.) 
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WashingUm^ 35 (1905), Some idea of the genera! 
character of the abscM’ption spectra obtained maybe formed 
^ from an examination of Figs. 62 and 63. 





(Reproduced from Coblenu's paper, Astr*phys. 1904, 80 , p. 23a.) 


Coblentz finds a band at ryi/i in all compounds where 
H is attac^ked to C. He finds a band at about 3/1 in many 
organic substances, including alcohols, phenols, aniline, and 
pyridine ; and also in water and ammonia ; he finds a band at 
3'43/« in methyl and ethyl iodides, nitrates and cyanides, 
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toluene and myricyl alcohol ; but it cannot be regarded as 
entirely characteristic of the methyl group, as it also occurs in 
anilkie. 

Two paraffins, octane CgHig, ani tetracosane, C24Hgo, 
despite the great difference in molecular weight, showed 
identical spectra, the bands occupying the same position to 
within 0*03/i. All the prominent lines found in these spectra 
were found in the spectra of each of twenty-five hydrocar- 
bons of the formulae and C„H„_a as well as 
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Methyl alcohol. 

(Reproduced from Weniger's paper, Physical Review, 1910, Curve i in Pl.ite facing p. 4*0.) 


in many other compounds such as myricyl alcohol and 
piperidine. 

In the absorption spectra of many substances a series of 
bands are found which appear to be harmonics : e.g. Aschr 
kinass {Annalen der Physik, 1895, 55, 401) found bands for 
water at 1*51, 3*06 and Rausohoff {Inaugural Dis- 

sertation, Berlin, 1896) found for alcohols the harmonics 171 
and 3*43)M ; also 3 and 6'o6/i ; Coblentz for myricyl alcohol 
171, 3*43, 6*86, 10*2 and i3*88/i; also 2‘95 and *5*8/1; for 
benzene we have bands at r68, 3*25, 6*75, and 9*8/4. 

Weniger {Physical Review^ 1910, j/, 388 et seq.) has 
studied the absorption spectra of a large number of fatty 
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icohols, acids and esters, and has recorded his results in 
.urves similar to the generally adopted absorption curves for 
Ihe visible and ultra-violet regions (Fig. 64). 

He comes to the conclusion that the following groups and 
bands are related ; — 

OH in alcohols, 3*0 'and 6*9/1. 

CHj in alcohols, acids, and esters, 3*4/4. 

CH, in esters and higher alcohols, 7*3/4. 

C = 0, 5*9 and 8*2/4. 

In addition to these, many other bands were observed, but 
they could not be attributed to special atomic groups. 

Finally, we may mention the isolated investigation of the 
infra-red absorption spectra of two dye-stuffs, fuchsine and 
cyanine (Coblentz, Phys. Rev, 1903, 16, 1 19-122). Cyanine 
has a strong double band which begins at 5*5/4 and extends 
to 9*5/4. 

Dr. Eva von Bahr (Phil. Mag, 1914, 28, VI, 71 et seq) 
finds that carbon monoxide, carbon dioxide, and nitrous oxide, 
in the form of gas at low pressures, exhibit double bands in 
the region from 4 to 5/4. In the case of carbon dioxide the 
two maxima are about o*i/4 apart, and in the other cases less. 
Earlier observers had found that hydrochloric acid gas at 
ordinary pressure exhibited two absorption maxima at about 
3*4 and 3*57/4. Dr. Bahr has succeeded in resolving these into 
narrower bands (seven in the one case and five in the other). 
She shows that these narrower bands can be calculated from 
bands of very low frequency, which Rubens has observed in 
the region from 100 to 350/4 (Rubens and v. Wartenberg, 
Verh. d. Deutsch phys. Ges, 1911, /j, 796), and which perhaps 
(Correspond to the periods of rotation of the molecules. 
Similar bands have been found for water vapour in the 
region from 50 to 100/4, and minor bands on each side of the 
water vapour band at 6*3/4 can be deduced from them in a 
similar manner. 



CHAPTER VIII 


FLUORESCENCE 

The phenomenon of fluorescence is too well-known to 
need description. When ordinary white light falls on a 
fluorescent substance it emits coloured light, so that for 
certain wave-lengths the intensity of the reflected is appar- 
ently greater than that of the incident light. Sir George 
Stokes was one of the early investigators of fluorescence. 
He showed that certain select rays of the white light are 
absorbed, the fluorescent substance exhibits selective 
absorption, and utilises part of the energy of the absorbed 
rays to generate light of greater wave-length. Stokes's Law 
states that the emitted waves have a longer period than 
those which are absorbed. 

Rilation between the wave-lengths of the absorbed and 
emitted rays . — It has just been mentioned that the wave- 
length of the emitted is greater than that of the absorbed 
light, Baly has sought to establish a relation between these 
vave-lengths, which has already been indicated in the 
recount of his theory, according to which the wave-lengths 
the maxima of absorption can be calculated from a 
fundamental vibration period in the infra-red. The sub- 
stance may absorb or emit light of which the frequency is 
my integral multiple of this fundamental frequfency. The 
more the electric force-field of the molecule is opened up, 
by solution or chemical combination or incipient chemical 
combination, the lower are the integral multiples of the light 
which may be absorbed or emitted. It appears* that the 
emitted light is generally ahead of the absorbed light, 
i,e, the emitted light has a frequency which is a lower 
integral multiple of the fundamental than the absorbed light. 

156 
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!n siieveral cases it has been shown that the light which 
emitted by a substance in one solvent has the same period 
as an absorption band exhibited by the same substance in 
another solvent. 

This explains a very common phenomenon in connection 
with fluorescence, viz. that the same substance will fluoresce 
with different colours in different solvents. Kauffmann pointed 
out {Ber. 1908, 41, 4396) that the change in colour of fluor- 
escence on change of solvent follows the same order as the 
change of colour itself. The fluorescent band of the solid 
substance lies farthest towards the ultra-violet, then follow 
the solutions in indifferent solvents, then those in dissoci- 
ating solvents. According to Baly’s theory the fluorescence 
continues a phase ahead of the absorption. 

Ultra-violet fluorescence, — Stark and Meyer {Physik, Zeit, 
t907» 250) have shown that many substances exhibit 

fluorescence in the ultra-violet. This is a fact of great 
importance, which will probably lead to the abandonment 
of theories as to the relation between constitution and 
fluorescence which have been based only on naked-eye 
observations. 


Relations between Chemical Constitution and 
Fluorescence 

Hewitts Theory {Chem, Soc, Proc., 1900, 16, 3). — Accord- 
ing to this theory, fluorescence is due to a particular kind of 
tautomerism, which Hewitt has termed double symmetrical 
tautomerism. The theory is almost identical in form with 
those which explain colour or selective absorption as due to 
a vibration between different tautomeric forms ; or, in those 
cases where ordinary tautomerism is excluded, as due to an 
oscillation between forms which can be represented by dif- 
ferent vajency arrangements in the molecule (isorropesis). 
According to Hewitt, if this vibration is symmetrical it will 
cause flubrescence. What is meant by a symmetrical vibra- 
tion will be made clear by an example. Fluorescein, which 
is a fluore^ent substance, may be considered to tautomerise * 
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from the quinonoid form’Ai to the non-quinonoid form B, 
and then to the quinonoid form A,. 

hq/V^^^V^oh 

KJ\J^ z '\AcA; ^ - k/\cA/ . 

c,h/ c,h/ 

X:OOH \COOH 

Ai B A, 

It can tautomerise back from A2 through B to so that 
we have the cycle — 


A 




And Aj and Ag are identical, except that the two benzene 
nuclei are taking turn about to become quinonoid. 

Symmetrical dimethyl fluorescein is also fluorescent for 
the same reason. 

But asymmetrical dimethyl fluorescein is not fluorescent. 
The fluorescence of anthracene can be explained by a 
similar symmetrical vibration, although there is no movement 
of a labile hydrogen atom but only a rearrangement of 
valencies. 

/\/\/\ /\/\/\ /\/\/\ 

I II I II I I II I I 11 I 
\/\/\/ \/\/\/ \/\/\/ 

This theory explains why acridine and phenosafranine 
hydrochloride fluoresce strongly, whilst chrysaniline and 
aposafranine hydrochloride show only weak effects. The 
former are symmetrical and the latter asymmetrical. 

According to this theory only symmetrical compounds 
should exhibit fluorescence. It is easy to point out many 
asymmetrical compounds which fluoresce - strongly, e.g, 
naphthanthracene, chrysene, ^-anthrapyridine and pheno- 
naphthacridine. 



Naphthanthraegne. 



Chrysene. 
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The following derivatives of the dimethyl ether of 
hydroquinone, prepared by Kauffmann, are fluorescent ; and 
yet it is not very obvious how there can be any tautomerism 
or molecular rearrange^nent ; and, in any case, their structure 
is asymmetrical. 


OCH, 


-C=CH.C,H5 

CH, 


OCHj 

OCH, 


j/\-CO,AH. 


./ 

OCH, 


OCH, 

Q-co.chah, 


OCH, 


OCH. 


\. 


I— CsC.COOH 


/ 

OCH3 


Also it is easy to disprove the theory in the converse 
way, as there are many compounds capable of such a 
symmetrical tautomerism, or isorropcsis, which do not exhibit 
fluorescence, e,g, symmetrical dinitrofluorescein. 

Meyers Fluorophore Theory [Z, phys, Chemie^ 1897, 
468). — This theory was fashioned after Witt’s theory as to the 
relation between colour and constitution. Corresponding to 
Witt’s chromophore, Meyer postulated a fluorophore for the 
production of fluorescence. He recognised the following 
ring complexes as fluorophores. 


CH 


CH 


c/l 

d 


CO 


N 


\c c/,\c c/\c c/\c c/\c c 


\l. 

CH 


N 


I/C c^|;jc c^^'c 


The fluorophore is not in itself sufficient to produce 
fluorescence. It must be associated with dense atomic 
complexes before the phenomenon becomes manifest, e.g, 
the addition of benzene nuclei at the sides of the fluorophore 
produces th^ requisite complexity and packing and we get 
fluorescence in anthracene, acridine, xanthone, etc. 

^ The theory does not explain why the introduction of 
certain atoms or groups into fluorescent substances destroys 
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fluorescence, e^, chlorine atoms and nitro groups ; and. why 
the acetylation of hydroxyl or amino groups has the same 
effect. 

Kauffmanrls Theory . — This theo^’y was developed by 
Kauffmann from his observations on the luminescence of 
organic substances in the Tesla rays, and forms a companion 
as it were to his Auxochrome Theory of colour, which also 
arose from the same observations. An account of these 
observations will be found in Chapter II (under the head 
of H. v. Liebig’s modification of the quinonoid theory). A 
benzene nucleus in which the arrangement of bonds is 
according to Dewar’s formula, or approximates to this, is the 



cause of luminescence. As already mentioned, the intro- 
duction of auxochromes into the nucleus is supposed to 
cause the bonds to approximate more nearly to this condi- 
tion and it consequently increases luminescence, A benzene 
nucleus in this condition is termed a luminophore. The 
luminophore is, therefore, in itself a complex, viz. a benzene 
nucleus together with the attached groups, nuclei or what 
not, which cause it to approximate to the above arrangement 
of bonds. A luminophore can be converted into a fluorescent 
substance by the introduction of a fiuorogen. The following 
groups, etc., are fluorogens, viz. carboxyl, carbonyl, cyan-, 
the acrylic acid group, the ethylene bond and conjugated 
ethylene bonds, the benzene ring and o- and ^-quinonoid 
rings, the azomethine group and the conjugated azomethine 
ring. 

[We may notice here a fundamental difference between 
Meyer’s and Kauffmann’s theories. For example, in fluorescem 
Meyer regards the y-pyrone ring as the seat of fluorescence ; 
the fluorophore^ and the fluorescence is made pianifest by 
attaching benzene nuclei to the sides of the pyrone ring, 
and intensified by the auxochromes. Kauffmann regards 
the benzene nuclei as the luminophores, their luminescence 
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being converted into fluorescence by the substituted ^-pyrone 
ring which he includes under the heading of /-quinonoid 
rings.] 

It remains to be explained how it is that a luminophore 
is not always rendered fluorescent by the introduction of 
a fluorogen. It appears that the fluorogen is not able to 
exert its effect equally well in all positions, e.g, anthranilic 
acid is strongly fluorescent, whilst the phenomenon is scarcely 
exhibited by /-amino-benzoic acid. Kauffmann frames 
empirical rules as to the favourable and unfavourable positions 
for fluorogens; if two auxochromes and one fluorogen 
are present together in a benzene nucleus the arrangement 
must be asymmetrical to produce fluorescence. We have 
also to take into account the influence of the fluorogen on 
the arrangement of bonds in the nucleus. We see that some 
of the fluorogens, e.g, the carboxyl group, are negative in 
character, and tend to throw the benzene nucleus into another 
condition such as is represented by the Kekul^ or the Claus 
formula, and if this influence is appreciable the luminophore 
is destroyed" or weakened. Finally, the addition of other 
groups has to be taken into consideration. If these arc 
strongly negative in character they will weaken or destroy 
the luminophore. This explains why the introduction of a 
nitro-group almost invariably destroys fluorescence. It will 
be seen then that Kauffmann’s theory has become very com- 
plicated. Fluorescence is dependent on (i) the presence of 
a benzene nucleus (or similar ring); (2) its assuming approxi- 
mately the arrangement of bonds according to Dewar^s 
formula — ^this is determined by the total effect of all groups 
introduced into the nucleus, auxochromes, fluorogens and 
other groups; (3) the presence of a fluorogen; (4) a favourable 
arrangement of fluorogen with reference to the auxochromes 
and other groups present in the nucleus. 

This theory may account fairly well for the facts, and 
give us working rules as to the relation between constitution 
and fluorescence, but it gives us no idea as to the nature of 
the vibrations causing the fluorescence. According to Baly’s 
theory, selective absorption and fluorescence are due to the 

M 
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same vibration, or are derived from the same fundamental 
vibration ; and it remains to be explained why particular 
integral multiples of the fundamental frequency are chosen 
for absorption and fluorescence respectively in the individual 
cases. 

Starts Theory: That all substances possessing selective 
absorption are fluorescent. — Francesconi and Bargellini {Atti 
R. Accad. Lincei, 1906 [v] 15, ii, 184) advanced the opinion 
that all aromatic substances are either actually or potentially 
fluorescent. Since almost all aromatic substances show selec- 
tive absorption, whilst most fatty compounds do not, there 
is a close similarity between this view and that expressed 
by Stark after his detection of fluorescence in the ultra- 
violet. The demonstration that this phenomenon may be 
exhibited in the ultra-violet makes it necessary to revise 
our theories as to the relation between constitution and 
fluorescence, after our list of fluorescent substances has 
been revised by the inclusion of those which fluoresce in the 
ultra-violet. Stark (loc. cit.)y indeed, advances the view that 
all substances possessing selective absorption are fluorescent. 
Such a view is evidently not based on complete experi- 
mental evidence, and, indeed, he seems to have examined 
comparatively few substances for ultra-violet fluorescence. 
But if this view should be confirmed by experiment it will 
then follow that the same relation exists between constitu- 
tion and fluorescence as between constitution and selective 
absorption. It will then only remain to discover why fluor- 
escence is relatively strong compared with absorption in some 
substances and relatively weak in others, and what is the 
relation between the periods of absorption and fluorescence. 

In connection with the study of ultra-violet fluorescence 
it has been shown that substituents influence the position and 
strength of the fluorescent bands just as they influence the 
absorption bands. Auxochromes are, auxoflores^ 

and bathychromic groups are bathoflores. But since the rela- 
tive intensity of fluorescence and absorption is not always 
tl^ same there mav be additional auxoflores and additional 
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bat&ofiores. Alkyl groups act as auxoflores without shifting 
the positions of the bands. The following groups intensify 
the fluorescence and also shift it in the direction of lower 
refrangibility, viz. OH OCH„ NH^ CN, COOH, CH :CH. 

The nitro-group, the halogens, and the azo-group are 
bathoflores. 



CHAPTER IX 

THE COLOUR AND SPECTRA OF INORGANIC COMPOUNDS 

It is generally considered that the colours of organic 
and inorganic compounds are due to different causes. This 
is due to the fact that the simpler compounds of carbon 
are colourless under ordinary conditions, whereas even the 
simplest compounds of many other elements are coloured. 
Most organic compounds consist of carbon and hydrogen, 
carbon, hydrogen and oxygen, carbon, hydrogen and nitrogen 
or carbon, hydrogen, oxygen and nitrogen only. Hundreds 
of organic compounds are known which are colourless under 
ordinary conditions. This has led to the view that colour 
when developed in organic compounds is due to some special 
arrangement of the atoms in the molecule, whereas the colour 
of simple inorganic compounds is considered to be due to 
something inside the atoms of the elements forming those 
compounds — i.e. some intra-atomic arrangement or vibra- 
tion as distinguished from the inter-atomic arrangement or 
vibration which is supposed to cause the colour of organic 
compounds. 

There are, however, facts which warn us against the 
unqualified acceptance of this view. On the one hand, we 
must recognise that even the elements — carbon, Ijydrogen, 
oxygen, nitrogen, and their simple compounds — can exhibit 
colour under certain circumstances. The ordinary forms of 
solid carbon, viz. charcoal, lamp-black and graphite, are black 
or grey, which means that they absorb all the jays of the 
visible spectrum. Oxygen gas appears to be colourless, yet it 
absorbs rays in the red part of the spectrum and is respon- 
sible for a considerable number of bands seen in the ordinary 
solar spectrum. Liquid oxygen is of a pale blue colour. 

164 
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Liquid ozone is of a deep indigo«blue colour, which is so 
intense that a layer 2 mm. thick is opaque. And when 
stimulated by the electric current or discharge all these 
elements emit light of characteristic vibration frequencies — 1./. 
give emission spectra containing characteristic lines (or bands), 
and the light emitted is coloured even to the naked eye. On 
the other hand we must recognise that there are scarcely any 
elements, not even those which are generally regarded as 
coloured elements par excellence, which are not colourless under 
certain conditions. Chromium, manganese, iron, nickel, cobalt, 
and copper are regarded as the essentially coloured ele- 
ments, yet the first five of these arc white in the metallic 
condition.* Nor are all their compounds coloured, e,g. anhy- 
drous copper sulphate is white. 

It is interesting to take a general view of all the elements 
and their simpler combinations from the point of view of 
colour development. 

In an ordinary way we regard a substance as coloured if 
a considerable mass of it under ordinary conditions of 
temperature and pressure absorbs some of the rays of the 
visible spectrum on reflection or transmission; we cannot 
disregard colour which may be manifested under other 
circumstances. Metallic sodium and sodium salts when 
introduced into a flame emit a yellow light and give a very 
characteristic emission spectrum consisting of a very sharp 
double line. Sodium vapour at the same temperature gives 
an absorption spectrum which is the exact complementary of 
this emission spectrum, />. the absorption spectrum consists of 
a sharp double line occupying exactly the same position as 
the bright double line in the emission spectrum, so there is 
obviously some connection between the colour of emitted and 
absorbed light. At the same time it must be admitted that 
there is not generally any such obvious connection between 
the emission and absorption spectra of substances ; t,g* the 
absorption bands of iodine vapour are not identical with or 
even analogous to the bright lines of the emission spectrum, 

* This may be only because they reflect the greater portion of the incident 
light unchanged ; but, whatever the reason may be, they are apparently white. 
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This is because the emission and absoiptk>n spectra are usually 
obtained under different conditions— of temperature, presaufc, 
molecular aggregation, etc. A great deal of attention has been 
devoted to emission spectra, partly because of their value for 
the detection of many elements. And it seems as though we 
are now approaching a knowledge of the cause of these 
spectra. Yet even when this has been attained we shall 
probably still be a long way from understanding the cause of 
absorption spectra and colour as manifested under ordinary 
conditions. 

It is interesting to note that every element is capable of 
exhibiting colour under appropriate circumstances. The 
alkali and alkaline-earth metals show very little tendency in 
this direction. The metals in the solid state, their oxides, 
chlorides, sulphates, etc., are colourless, yet their vapours are 
coloured and they all give characteristic flame colorations. 


Emission Spectra of Elements and the Colours imparted 
to Flames by Metals and Metallic Salts 

Considerable success has recently been attained in account- 
ing for the emission spectra of the simplest elements, viz. 
hydrogen and helium. The positions of the lines can be 
calculated on the assumption that the hydrogen atom con- 
sists of a central nucleus charged with positive electricity, 
and a negative electron which is rotating round it in an 
orbit determined by the electrostatic action of the charges 
and the ordinary laws of motion. The rotational vibration 
of the electron is the cause of the lines in the emission 
spectrum (N. Bohr, Phil Mag. 1913 [vi] 26^ i, 476; 1914 
[vi] 27, 506). A series of lines in the helium spectrum can 
be explained as due to an atom of the element which has 
lost one of its two electrons, the rotational vibration of 
the remaining electron being the cause of the lines of this 
series. 

It seems probable that it will soon be possible in a similar 
way to account for the emission spectra of other elements. 
Already it has been shown that for some series of elements 
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thfe positions of corresponding lines in the spectrum shift iii 
a r^lar manner with change in the atomic weight Ramage 
{Proc, Roy, Soc, 1902, 70, i) constructed a diagram in which 
the frequency of line was represented by the abscissa, 
whilst the ordinate was proportional to the square of the 
atomic weight of the element in whose spectrum the line was 
contained. A straight line could be drawn through corre- 
sponding points in the diagram for potassium, rubidium, and 
exsium. Similarly a straight line could be drawn through 
a set of corresponding points for calcium, strontium, and 
barium, [It should, however, be mentioned that lithium and 
sodium would not fall into the series with potassium, rubidium, 
and caesium ; also that other sets of corresponding points for 
calcium, strontium, and barium could not be connected by 
straight lines.] In both scries the frequency of corresponding 
lines decreased with increase of atomic weight. 

Flame colorations are the total effect oi^ the eye of the 
emission spectra of the metallic elements introduced into the 
flame, so that in consequence of the above-mentioned regu- 
larities we might at first expect to find the flame colorations 
of potassium, rubidium, and cjcsium in the same order as 
the colours of the spectrum passing from the blue to the red 
end. We do find that the flame coloration of rubidium is 
redder than that of potassium, whilst that of csesium is redder 
still. But in the case of calcium, strontium, and barium, the 
colour change is in the reverse direction. As a matter of fact, 
the spectral lines considered by Ramage are by no mean^ 
the only lines in the flame spectra of these elements. For 
example, in the case of calcium he only considers the lines 
of wave-lengths 4226, 3968, and 3933, which are all outside 
the visible spectrum. So that the regularity which he observed 
does not apply to the lines in the orange and yellow to which 
the characteristic flame coloration of calcium is due. In 
short, it has been shown that in some series the frequencies 
of the sj^tral lines are simple functions of the atomic weights; 
but sufficient regularities have not yet been observed for us 
to show how the flame colorations can be calculated from 
the atomic weights. 
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The Colours of the Elements under Ordinary Conditions 

The only elements possessing marked colour under 
ordinary conditions are: copper (red), |old (yellow), phos- 
phorus (red in amorphous form), sulphur (yellow), selenium 
(red), chlorine (yellowish green), bromine (orange-red), and 
iodine (violet). The number of elements possessing any 
marked colour is so small that no connection with the atomic 
weights or periodic arrangement of the elements is obvious. 

Absorption Spectra of the Halogens, Sulphur and Oxygen 

The absorption spectra of these elements are of special 
interest, as there seems the possibility that their study may 
establish the connections between emission spectra, line 
absorption spectra, and broad band absorption spectra similar 
to those exhibited by coloured organic substances. We have 
already mentioned that there seem now good prospects of 
proving that emission spectra are due to the vibrations of 
electrons within the atoms, and of calculating the positions 
of the lines from the vibrations of these electrons. Now these 
elements in gaseous form show very fine absorption bands or 
lines, and the positions of these lines, in the case of bromine, 
iodine, and sulphur, are identical with the positions of the 
lines in the emission spectra (Br. — Eder and Y^\^n\z,Denkschr, 
Wien Acad, 1899, 6S, 523-553 ; I.—Wullner, Fogg, Ann. 1863, 
120, 158-167; Mitscherlich, Fogg. Ann. 1864, /.?/, 459-488 ; 
Salet., Compt. rend., 1872, 75,76-77; S. — Salet., Compt. 
rend. 1872, 7^, 865-866). Under other conditions, as in the 
liquid form or in solution, these elements show broad, 
absorption bands. Wood {JPhil. Mag. 1896, 41, 423-*43i) 
has made the interesting observation that a solution of iodine 
in carbon bisulphide at the critical temperature shows fine 
lines identical in position and arrangement with those of 
iodine vapour. If the pressure be increased the absorption 
spectra of these elements in the gaseous form change from 
lines to broad bands. Hasselberg {Mem. de lAkad. de St. 
Petersb. 1888 (7), jd) and Konen {Wied, Ann. i8g^ dj, 285) 
have made, interesting observations on the way in which the 
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lines are gradually converted into broad bands. The effect 
of increasing the pressure is to incrdase the intensity and 
width of the lines, and further to originate a general absorp- 
tion which begins at the violet end of each band of lines, and, 
extending towards the red, finally becomes total. 

It has been established that many of the fine black lines 
in the solar spectrum are due to absorption by the oxygen in 
the earth’s atmosphere. The following are due to this cause, 
and therefore constitute the absorption spectrum of oxygen 
gas— 

Group A. 

The bands from 6960 to 6867 in Group B. 

The greater number of the lines in Group a. 

The Group 5840 to 5780 (a'). 

Group a". 

The Colours of the Simpler Compounds under Ordinary 
Conditions 

The following investigators have pointed out relations 
between the colour of such compounds and their composition 
and the atomic weights of the constituent elements : — Ackroyd 
[jOhem. News, 1876, 75-77); Flinders Petrie {Nat. 1876, 

13, 347-348) ; Carnelley (on the colour of chemical compounds 
chiefly as a function of the atomic weights of their constituent 
elements, Phil. Mag. 1884 (5), 18, 1 30-140); Carnelley and 
Alexander {Chem. News, i888, 37, 217-218); Kastle {Amer. 
Chem. Jour. 1899, 21, 398-413); and Bayley {Chem. Soc. 
Trans. 1880, J7, 828-836). ' 

Ackroyd gave the name ** metachromatic scale” to the 
sequence of colours — white, violet, indigo, blue, green, yellow, 
orange, red, brown, black — ^being the colours assumed in 
succession by a dark body on being raised to white heat. 
According^ to Carnelley, in any series of compounds, A^R,, 
B.R^ C,Ry . . . , where R is any element or group of 
elements, and A, B, C elements of the same group of 
Mendelcefs classification, the colour follows Ackroyd’s scale 
as the atomic weight of A, B, C . . • increases. 



Carey Lea (Amir. Jour, of Sci, 1895, .^p, 357 $t ^seq^\^ 
frogi a cQOsideration of the colours of their compounds; 
divided elements into (1) those with colourless ions ; (2) transi- 
tional elements, the ions of which are coloured at some valen- 
cies and colourless at others ; (3) elements whose ions ai'e 
always coloured. For the purpose of determining which ions 
were coloured and which colourless he used the following 
criteria — 

(1) When an electrolyte gives a solution in water which 
is colourless when dilute, both kation and! anion are colourless. 

(2) If an electrolyte gives a coloured dilute solution in 
water it is necessary first to consider the constitution of the 
anion. If this be a single atom, then the colour of the solution 
belongs entirely to the kation, for all elementary anions are 
colourless. 

(3) Even if the anion is composite, information can often 
be gained. Many composite anions are colourless, e,g. SO4. 
So that when sulphates give solutions that are coloured When 
dilute the colour must be due to the kation. The same is 
the case with nitrates, phosphates, carbonates, etc. 

Having decided which elements are coloured and whidh 
colourless, he found that if all the elements are arranged in 
the order of their atomic weights the first eighteen are colour- 
less, then follows a group of transitional and coloured elements, 
then nine colourless, then another group of transitional and 
coloured, then again nine colourless, another group of transi- 
tional and coloured, and finally, a group of six elements 
alternately colourless and coloured. 

He came to the conclusion that the possession o;r non- 
possession of colour is a property of first-rate importance for 
the proper classification of the elements-— that, in fact, the 
colourless elements should be considered by themselves and 
the coloured elements in another group byHhemselves. If 
the colourless elements ^xt arranged in the order of their 
atomic weights they fall into nine natural groups, *and if the 
coloured elements are considered by themselves in the same 
way they also fall into natural groups; and in this way 
dements can be arranged in a periodic, system which 4 
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free frptb the. wd}>knowQ defects of Ifendekefs 
ilftssiiiGation. This new arrangement is as follows-r 

kUmtnU with all colourless ions in nmtrical ordiv forming 
nine natural groups 


H. 

F. 

a. 

Br 

I 



Li 

Na 

K 

Rb 

Cs 

• — 





Ca 

Sr 

Ba 

— 

— 



Sc 

Y 

U 

— 

Be 

Mg 

Zn 

Cd 

Hg 

— 

B 

A 1 

Ga 

In 

1 

— 

C 

Si 

Ge 

Sn 

Pb 

Th 

N 

P 

As 

Sb 

— 

— 

0 

S 

Se 

Te 

— 



Elements with ions always coloured. Also transitional elements 
in numerical order 


[The symbols in heavy type denote transitional elements.] 



But it Is unnecessary to propose an original classification 
pf the elements in order to show that colour depends in a 
systematic way on atomic weight. If we take the elements 
in the usual periodic arrangement and study any series of 
simple compounds, such e,g. as the oxides, it is obvious that 
colour is developed in a regular way. In prder to show this 
more clearly. the following series of compounds have been 
eonsidesed—- 

(i) The normal oxides. 

(^) The normal sulphides. 

(3) The nomoal chlorides. 

TTie normal oxide of the ist group is understood to be of 
thjfe type M| 0 , of the 2nd group MO, of the 3rd group M| 0 |, 
luad w on ; similarly for the sulphides and chlorides. 
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The colours of these compounds have been tabulated, and 
in Plates I, II, and III these colours are shown at the posi- 
tions occupied by the corresponding elements in the ordinary 
periodic tables. In those cases where the normal oxides, 
sulphides, or chlorides are unknown, the colour of the highest 
known oxide, sulphide, or chloride is given. Finally, in 
Plate IV the colours shown are those of the deepest coloured 
chlorides of the elements, irrespective of whether these happen 
to be normal, subnormal, or perchlorides. Nearly all elements 
give the deepest colour development when in the form of one 
of their chlorides,* although it is not always the normal 
chloride which shows the deepest colour. Plate IV thus gives 
us a very good idea of the deepest colours which the elements 
are capable of developing. 

In order to avoid a patchy appearance the coloured areas 
have been made large enough for those corresponding to 
adjacent elements to meet. 

Colours oj the normal oxides (or highest oxides^ when 
normal not known) 

Group I. 

Li20 white NagO white 

K2O „ CU2O red 

RbaO „ hlack 

CsaO „ AujO „ 

Group II. 

MgO white 
ZnO „ 

CdO reddish brown 
IlgO red 

Group III, 

BjOs white AlgOs white 

SC2O3 „ GaaOa ,, 

Y2O3 „ loaOa pale yellow 

LajOa „ TlaOj dark red 

Iodides, chromates, etc., may have a deeper colour than any of the 
chlorides, but it seems natural to suppose that in these cases the negative 
radicle is partly responsible for the colour. 


BeO white 
CaO „ 
SrO „ 
BaO „ 







Periodic arrangement showing colours of normal oxides 
or highest oxide when normal not known . 







Periodic arrangement showing colours of normal chlorides 
or highest chloride when normal not known 







COj white 

TiO| . „ 

ZtO| ,1 

GeO| }) 

ThO, „ 

SiOf white 

GcO, 

SnO, „ 

PbO| brown 


Group V. 

VjOj yellowish red 
NbjOj white 

DijOft brown 

Ta205 white 

P1O5 white 

AS2O5 „ 

SbjOg light yellow 
BijOj brown 


Group VI 

[Oj white (blue ?)] 
Cr08 

MoOs ^hite 

WOj yellow 

UOj brownish yellow 

SO3 white 

SeO* „ 

TeO, „ 


Group VII. 

F [ClOj orange] 

[MnOg brown] Br 

[I,0| white] 

Group VIII. 

[Fej03 NijOj black, C03O4 black] 

[Rh02 grey RU2O3 blackish brown PdOg black] 

OSO4 white [Ir02 black PtOj black] 


Colours of the normal sulphides (or highest sulphides when 
normal not known) 


LijS white 
KfS „ 
RbiS 
CS|S „ 


Group I. 

Na^S white 
CU|S black 
Ag^S brownish black 
AujS ), „ 
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Group IL 


BeS white 

MgS white 

CtS ,1 

ZnS 1, 

SrS II 

CdS yi^llow 

BaS II 

HgS red 


Group III. 

BjSj yellowish (?) 

AljSa yellow 

ScSj ? 

GaaSa ? 

YjSa yellow 

IngSg yellow and brown 

LajSa II 

TljSa black 


Group IV. 

CS2 white 

SiSg white 

TiSj yellow 

GeSa „ 

ZrSa cinnamon brown 

SnSa yellow 

CeSj (or €6282 ?) yellow [PbS grey] 

ThSj yellow 

Group V. 

[NS orange red] 

PjSj yellow 

VjS| black 

AsaSj „ 

Nb — 

SbaSj yellowish red 

[DijSj greenish brown] 

[BigSa blackish brown] 

[Ta2S4 yellow] 

Group VI. 

[ 0 ,S, green?] 

[S^ yellow] 

[Cr,S, grey] 

[SeS orange yellow] 

MoSa reddish brown 
WSa black 

TeSg blackish grey 

[US, black] 

Group VII. 

F — 

[CljSa yellow] 

[MnS| reddish brown] 

[BraSa red] 

[I2S2 dark grey] 


Group VIII. 

NiS, grey C05S4 grey] 

RU2S3 ? PdSj dark brown] 

[IrSj brown PtSj grey] 


[FeS, yellow 
[Rh,S, black 
OSS4 brown 
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Colours of normal chlorides (or highest chlorides when 
normal not known) 

Group I. 


LiCl white 

• NaCl white 

KCl „ 

CuCl „ 

RbCl „ 

AgCl „ 

CsCl „ 

AuCl yellow 


Group II. 

BeCl, white 

MgClj white 

CaClj „ 

ZnClj „ 

SrC), „ 

CdClj „ 

BaClj 1 , 

HgCl, 


Group III. 

BCIj white 

AlClj white 

ScCI, „ 

GaClj ,, 

YCl, „ 

InCl, „ 

LaCl, „ 

TlClj „ 


Group IV. 

CCI4 white 

SiCl4 white 

TiCl, „ 

GeCl^ „ 

7 -rCl« „ 

SnCl4 „ 

[CeClj yellowish white] PbCli yellow 

ThCli white 



Group V. 

N ? 

FClg white 

[VClj green] 

[AsCl, „ ] 

NbClj yellow 

SbCl| yellow? 

[DiClj rose red] 

[BiCl, white] 

TaClj light yellow 



Group VI. 

[OjCl orange] 

[SjCIj yellow] 

[CrCl3 green] 

[SeCl, light yellow] 

[M0CI3 copper red] 

[TeClj white] 

WClj dark violet 


[UCl* red] 
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Group VII. 

F — [Clj yellowish green] 

[MnCli green] [BrCl reddish yellow] 

[ICl reddish brown] 

Group VIII. 

[FeClj yellow NiClj green CoClj blue] 

[RhClj rose red R’uCl3 dark brown PdCl4 brown] 

[OsCli red IrCl4 reddish black PtCl4 red] 


Deepest-coloured chlorides {^when different from chloride in 
preceding table) 

Croup T. 

CuClg green 
AggCl violet 

Group III. 

3 '1'lCl, TlClj yellowish brown 
Group IV. 

TiCl, violet 

Group V. 

NbClj violet black 


FeCl2 green 


Group VIII. 


PdCIj garnet red 
IrClg green, PtCI^ greenish grey. 


The following deductions may be made from an exami- 
nation of the coloured plates — 

(1) In any group of the periodic tables colour develops as 
the atomic weight increases. The sequence of colour develop- 
ment is yellow, red, brown, and black. 

(2) In the first three groups more colour is developed in 
the odd than in the even series ; in the 4th group the odd 
and even scries show about the same amount of colour; 
whilst in the 5th, 6th, and yth groups the even shows more 
than the odd series. 
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It follows from these two that neither the strongly posi- 
tive nor the strongly negative elements show much colour 
development. 

(3) Colour devclopnjent reaches a maximum in the 8th 
group. 

(4) In addition to — or, as it were, superposed upon — the 
preceding three tendencies we have an overpowering ten- 
dency for the development of deep colour in the middle of 
the 6rst double period, />. in the elements V, Cr, Mn, Fe, 
l>ii, Co, and Cu. The colour here is deep, as defined in 
Chapter I, ie. violet, blue, and green appear. 

The above four tendencies may be otherwise expressed 
by saying that (i) the elements in the middle of the long 
periods show selective absorption of the least refrangible rays 
of the visible spectrum ; (2) increase of atomic weight causes 
increased general absorption, starting from the blue end of 
the spectrum and extending further and further towards the 
red. 


Absorption Spectra of Metallic Salts 
The absorption sf)ectra of solutions of the salts of chrom- 
ium, manganese, iron, nickel, and cobalt have been examined 
by a large number of investigators. Most of their salts show 
a very limited number of rather broad bands, e.g. chromic 
chloride shows two bands at X 7040-6850 and 6730-5380, 
cobalt chloride (anhydrous, blue) bands at A 6300-5780 and 
X 5410-5220, ferric chloride (in alcohol) three bands at 6800, 
6200, and 5950, nickel salts show absorption at both ends of 
the visible spectrum and apparently a band at about 6600. 
rt)tassium permanganate shows about eight bands in the 
region from 5700-4400. Potassium chromate and bichromate 
show only general absorption at the blue end of the spectrum. 
Certain of the salts of the rare earths show a large number of 
very fine bands ; the bands are so narrow that the solutions 
are scarcel/coloured. Uranium salts also exhibit a consider- 
able number of bands. Uranyl salts show about six bands, 
from X 4900 to the blue end of the spectrum. 

Fig. 65, showing the absorption curves of cobalt, nickel, 

N 
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and copper nitrates, will serve to give an idea of the character 
of the absorption bands of strongly coloured inorganic salts. 

Generally the salts formed from basic and acid radicles, 
which are both chromogenic, have the colour which one 
would expect to get from a co-operation of the two — in other 
words, the colour seems to be an additive property e.g. copper 
and chromium chromates arc brown. But in some cases 



Cohali Nitrate 


Nickel Nitrate 


Copper Nitrate 


Where the curved lines arc thin the transmitted spectrum is feeble. 


Fk; 65. 


(RepriHluccd from Hartley’s paper, Ctifni. Soc. Tmnx., 1Q03, 88, p. 224, bottom figure.) 


there is an altogether unexpected colour development, as e.g. 
in the case of the ferro- and ferri- cyanides of iron, and also in 
the case of ferric thiocyanate. 

Many of the mctalammine salts are strongly and deeply 
coloured ; e.g. the cobaltammincs show most of the colours 
of the spectrum — yellow, orange, red, violet, green, and also 
brown. The complex ammonia salts of the platihum group 
of metals also show a considerable play of colours, including 
yellow, red, and green. There is here no very simple connection 
between constitution and colour, as may be seen by arranging 
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the* cobaltammines in order according to chemical compo- 
sition and noting the irregular display of colour. 

[Co(NH3)j]Cr3 Luteo-salts reddish yellow 

[Co(NH3)5Cl]Cr2 * Purpureo-salts red 

[Co(NH3)4Cl2]Cr . HoO Praseo-salts emerald green 

Ditto (isomeric form) violet 

[Co(NH3)4(N02)Ji)S 04 Crocecvsalts orange yellow 

[Co(NH3 )3(N02)3] Erdmann Vsalt brownish green 

[Co(NH 3)2(NO,>)4]K — yellow 

According to Shibata (/. Coll. Set. Imp. Univ.., Tokyo, 
1915, (2) 1-28) the cobaltammines show two or three 

maxima of absorption in the neighbourhood of the frequen- 
cies 2000, 3000, and 4000. The band at 2fX)0 is exhibited by 
all the cobalj^ammines as well as by ordinary cobaltic salts, 
and he supposes that this band is due to the cobalt atom. 
The band at 3CX)0 varies according to the nature of the groups 
with which the cobalt atom is associated, whilst that at 4000 
is only exhibited by complex cobalt-com[)ounds which contain 
the nitro-group. 

Absorption Spectra of Simple Compounds in Gaseous Form 

It has been shown that watcr-vapour in the earth’s atmo- 
sphere is responsible for many of the fine dark lines observed 
in the solar spectrum. The following arc due to this cause, 
and therefore constitute the absorption spectrum of water in 
gaseous form — 

Group a (7450-7160). 

The lines from 7164 to 6960 in Group B. 

Group C (6600-6460). 

Some of the lines of Group a (6350-6280). 

The group at D (the rain-band j from 5970 to 5850. 

Group d (5780-5670). 

Group f (5480-5420). 

Group** (5111-4981). 

Nitrogen peroxide is specially interesting, as it is strongly 
coloured ; and this colour is produced by a spectrum consist- 
ing of sharp lines, groups of sharp lines and broad bands. 
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The only useful measurements of the spectrum are given by 
Hasselberg (Mint. Ac, St, Petersh, 1878, (7) 26^ No. 4). 

Iodine chloride has an absorption spectrum consisting of 
lines. Roscoe and Thorpe have measured 66 of these lines 
{Phil, Trans, 1876, 16 J, 207-212). 

Carbon bisulphide vapour shows a band in the ultra-violet, 
which Pauer has resolved into lines. 

The fine lines in the absorption spectrum of sulphur di- 
oxide have been already mentioned in Chapter VI, under the 
head of Baly’s theory, according to which absorption bands 
in the visible and ultra-violet parts of the spectrum can be 
calculated from those in the infra-red. If only on account of 
this theory these fine line absorption spectra of simple com- 
pounds are of great interest, as it is possible that, on the one 
hand, the positions of their lines may be theoretically calcu- 
lated, and, on the other hand, a relation may be shown 
between them and the absorption spectra of other substances 
which may be regarded as their derivatives : e.g, all hydroxy 
compounds may be regarded as derivatives of water ; nitro- 
and nitroso-compounds may be regarded as derivatives of the 
oxides of nitrogen. 
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Violurates, chromoisomeric salts of, 
95-99 

Water, absorption bands in visible 
spectrum of, Fig. 53 and p. 67 
Water vapour, infra-red absorption 
bands of, 132, 136, 154, 155 
Watson and Meek’s modification of 
Hewitt’s rule, 87-90 

theory, 123-125 

Watson’s rule, 83-87 

suggested modification of Hewitt’s 

rule, 81 

Wedge-shaped cell, use of, for photo- 
grajihing absorption spectra, 24 
Weniger on infra-red absorption spectra, 

154-155 

Witt’s theory, 1-3, 9 

X-rays, examination of crystals by, 113 
Xylene, absori)iion bands in visible 
spectrum of, Fig. 53 and p. 67 
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